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Abstract 
 The increasing demand on available energy resources has led to a desire for 
more energy efficient devices.  The wide use of displays in consumer electronics, such as 
televisions, cell phones, cameras and computers makes them an ideal target for improvement.  
Organic light-emitting diodes (OLEDs) are a good candidate to replace traditional Si based 
devices. However, the low work function metals typically used as electrodes in OLEDs are very 
reactive with water and oxygen. Ultralow permeability gas diffusion barriers with water vapor 
transmission rates (WVTRs) as low as <10-6 g/(m2*day) are required on the polymers used to 
fabricate organic electronic and thin film photovoltaic devices.   
 Atomic Layer Deposition (ALD) uses self-limiting surface reactions to deposit thin 
conformal films.  ALD is capable of depositing thin, conformal, high quality barriers.  WVTR 
values as low as  5 x 10-5 g/(m2*day) have been measured for Al2O3 ALD films at 38C/85% RH 
using the Ca test with optical transmission probing.  The Ca test is a technique with very high 
sensitivity to measure ultralow WVTRs.  This test relies on measuring the oxidation of a Ca 
metal film by monitoring the change in its optical or electrical properties.  However, glass lid 
control experiments have indicated that the WVTRs measured by the Ca test are limited by H2O 
permeability through the epoxy seals.  Varying results have been reported in the literature 
using the electrical conductance of Ca to measure permeation.   
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In this work, two approaches were applied to overcome the epoxy edge seal limitations.  
The first approach was to deposit Al2O3 ALD barriers directly on Ca metal.  While the Al2O3 ALD 
barriers were successfully deposited, the measurement of an accurate WVTR was limited by 
barrier pinholes.  The presence of pinholes in the Al2O3 ALD barrier on Ca results in the localized 
oxidation of the Ca sensor.  Heterogeneous degradation of the Ca causes inaccuracies in the 
conductance of the film. As oxidation regions merge, large percolation paths are severed 
without complete Ca oxidation. To solve this problem, a new apparatus was developed that 
measures the electrical conductance of Ca films.  This new apparatus does not rely on epoxy 
seals and separates the Ca metal from the barrier.  Unfortunately, the electrical conductance of 
the Ca film versus Ca oxidation was found to be extremely nonlinear.  This nonlinearity severely 
complicates the usual analysis to obtain WVTR values from the Ca test. 
The new apparatus was useful for the examination of PEN polymer substrates using the 
total lifetime of the Ca sensor.  Polymer effects on the measurement of gas permeability for 
polymer/barrier systems have largely been ignored.  Experiments were performed to determine 
the effect of the PEN polymer substrates on the WVTR measurement.  The H2O permeation 
activation energy in the PEN polymer, the effect of water saturation of the PEN polymer and 
the dependence of the lifetime of the Ca sensor on the H2O flux on the PEN substrate were of 
particular interest.  The experiments obtained H2O permeation activation energies in the PEN 
polymer of 12.4 kJ/mol.  The Ca sensor lifetime was found to be linear with H2O flux.  No 
difference in Ca sensor lifetime was observed between dry or H2O-saturated PEN polymer 
substrates. 
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Chapter 1  Introduction 
Atomic Layer Deposition 
Atomic Layer Deposition (ALD) is based on two sequential, self-limiting surface reactions 
that yield atomic level control of thin film growth.1  Likewise, the self-limiting nature of the 
surface chemistry allows ALD to produce extremely conformal films on very high aspect ratio 
structure.  The reactants are introduced to the surface in a sequential manner with a sufficiently 
long purge of carrier gas in between each reactant dose.   Binary compounds lend themselves to 
this technique easily since the reaction can be split into two half reactions.  The most studied of 
these materials is aluminum oxide or alumina (Al2O3). Alumina ALD is performed using trimethyl 
aluminum (TMA) and water following the scheme below.  
(A)  AlOH*  +  Al(CH3)3 → AlOAl(CH3)2*  +  CH4   
(B)  AlCH3*  +  H2O → AlOH* + CH4      
The asterisks indicate the surface species.   
The first reaction, (A), shows a dose of TMA reacting with a hydroxylated surface 
resulting in a methyl terminated surface.  After a purge of inert carrier gas, typically nitrogen, 
water is dosed into the reaction chamber. This results in a return to a hydroxylated surface as 
shown in step (B).  This sequence, ABABAB…, is repeated until the desired thickness is reached.  
In order for consistent growth per cycle, the doses of each reactant must be kept sufficiently 
large so as to saturate the surface and react with as all available surface sites.  The repetition of 
these AB cycles results in an Al2O3 ALD growth of 1.1-1.2 Å per AB cycle.
2, 3 Previous studies 
have shown that Al2O3 ALD can be deposited over a very wide temperature range from 36-200 
°C.  Al2O3 ALD can also be deposited very effectively on a variety of polymers.
4  
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Since first developed in the late 1970’s, ALD has come a long way in terms of the 
materials that can be deposited with the technique.5-8  As the number of materials available for 
deposition with ALD has increased, so have the number of applications.  One growing 
application is the use of ALD to create transparent diffusion barriers to protect organic light 
emitting diodes (OLEDs)9 and other organic electronic devices10, 11 from degradation by water 
and oxygen. The most rigorous barrier requirements exist for OLEDs (Figure 1.1)12.   For organic 
based electronics to reach device lifetimes comparable to their silicon based counterparts 
(>10,000 hrs), they require a water vapor transmission rate (WVTR) of <10-6 g/(m2*day) and an 
oxygen transmission rate (OTR) at STP of <10-5 cm3/m2/day.13-16  These requirements arise from 
the sensitivity of the low work function metals (Ca, Li, Mg, etc.) necessary to get efficient charge 
injection into the organic layers of electroluminescent devices.13-15, 17  Current methods to 
protect these devices involve encapsulation of the entire device between glass plates.  This 
leads to a longer device lifetime but is not necessarily suitable for all applications.18  There is 
great interest in creating thinner, flexible, electronics based on organic molecules.  This is made 
possible by creating the devices on a polymer substrate. However, polymers typically have a 
WVTR on the order of 10-0.1 g/(m2*day).15  ALD provides an effective solution to this problem 
since ALD is capable of coating devices of any geometry with a conformal film of precisely 
controlled thickness. 
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Figure 1.1 Barrier Requirements 
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Al2O3 ALD films of ~12nm are capable of providing diffusion barriers with a WVTR (~10
-3 
g/(m2*day)) that is a great improvement over the polymer substrates themselves.9, 11, 13  
However, these barriers do not meet the requirements discussed earlier. The films still possess 
some pinhole defects that limit their effectiveness as barriers.14, 16, 19  Making the barrier layer 
thicker will lower the probability of having a defect through the entire layer but results in a film 
that is more likely to fracture during processing and handling.  Inorganic-organic multilayer 
structures have been used to overcome this problem. However, they do not show the decrease 
in permeability expected from standard laminate theory, where the total permeation rate can 
be obtained by addition of the reciprocals of the permeation rates for each layer (Equation 1).14, 
20 
( )       
 
  
 
 
  
 
 
  
   
 
  
 
Multilayer barriers were first introduced in 1994 and were created using layers of 
aluminum metal and acrylate polymer.14  The polymer interlayer provides flexibility as well as 
decoupling of defects in the metal or oxide films.  This increases the path length of permeants 
through the material and decreases the permeation rate for the multilayer14, 16.  Multilayer 
structures occur in nature and have been shown to the capable of creating extraordinarily 
mechanically robust super lattices based on inorganic platelets separated by a polymer 
interlayer.21, 22    
Multi layering of inorganic and organic materials can be problematic.  There can be low 
adhesion23 between the layers  and decreasing flexibility with increasing thicknesses of 
individual layers or the total film.12  Low adhesion can be addressed through the use of 
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molecular layer deposition (MLD). Recent work within our group has shown that it is possible to 
deposit polymers using MLD.24, 25 This technique uses the same sequential approach as 
described for ALD but deposits an organic molecular fragment during one or both of the steps 
in the reaction cycle.  One class of materials that can be deposited in this manner is 
poly(aluminum alkoxides) or alucones which will be discussed briefly later.26  The precursors 
used in MLD are compatible with those used to deposit inorganic materials with ALD which 
should lead to good adhesion between the layers.  The level of control provided by ALD and 
MLD techniques also makes it possible to create graded interfaces between the layers to 
increase adhesion.  Little has been done to explore the mechanical properties of these 
barriers.9, 12 If they are to maintain their integrity while in use on flexible devices, then more 
work is needed to understand the behavior of multilayer barriers during flexing.  The 
mechanical characteristics of the individual layers are particularly important. 
Mechanical Testing 
When a material is flexed, the surface farthest from the center of curvature is put into 
tensile strain and the inner surface undergoes compressive strain (Figure 1.3 and Figure 1.2).27 
This results in the formation of a neutral plane within the material.  If the material is uniform, 
i.e. an uncoated polymer, the neutral plane exists in the center of the material. As coatings are 
applied, the neutral plane moves away from the center of curvature.  In the case of ALD films, 
the coatings are three orders of magnitude thinner and the neutral plane remains relatively 
unchanged.  Linear tensile strain is described by  
  
 
 , where L is the samples original length.  
Due to the gradient that exists when a sample undergoes a bending, the strain is obtained 
through   
 
  
 , where y is the distance from the neutral plane and R is the radius of 
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curvature.12  The strain at the surface of the substrate is taken to be the strain through the ALD 
coating since any gradient that exists within the coating would be negligible.  This relationship 
leads to the strain applied to an ALD film being    
  
  
 , hs being the thickness of the 
substrate.27   
As a coated sample is bent, the strain continues to increase until such point that the 
coating will fracture.  The strain at which this occurs is known as the critical strain (εc) and is 
proportional to the reciprocal square root of the film thickness.  Initial cracks will lengthen and 
additional fractures will occur if the increase in strain continues until the number of fractures 
reaches saturation.28  The failure mechanism for thin brittle layers is different from that of bulk 
materials.  In bulk materials, a crack, once initiated, will propagate the full width across the 
material. For thin films, cracks initiate at point defects and propagate to a finite length for a 
given strain.  As strain increases, the crack length will increase proportionally until either the 
maximum stable crack length (   ) or critical crack propagation strain (  ) is reached.  Once one 
of these conditions is met the crack will propagate to the full width of the film.29   
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Figure 1.3 Flexed ALD Coated Polymer 
Figure 1.2 Bent Polymer Cross-sectiion 
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In order to explore these properties of a thin film it is necessary to have a sensitive 
technique to monitor changes in the film’s behavior.  The changes that occur in film may, 
initially, be very small in comparison to the original film.  To determine an accurate 
measurement of the critical strain, we must be able to detect these minute changes as soon as 
they occur during testing.  Depending on the properties of the film, i.e. conductivity, there are 
few methods that can be used.  Indium tin oxide (ITO) is the most studied thin film. As a 
conducting oxide it is easily monitored with sensitive resistance measurements.27, 30, 31 Typical 
diffusion barriers, are not conducting oxides (Al2O3) and are not capable of such 
characterization.  
Zinc oxide ALD provides us with a useful analog to explore the mechanical properties 
since it is a conductive film.  A four-point probe can be used to determine a critical strain.  We 
can then compare the accuracy of other methods that can be used on non-conductive films. 
Barrier Testing 
Atomic Layer Deposition (ALD) has shown promise as a technique to deposit conformal, 
transparent gas diffusion barriers .9, 13  These barriers can protect organic electronic or thin film 
solar cell devices from degradation by water and oxygen.10  For organic based electronics to 
reach device lifetimes of 10,000 hrs, they require a water vapor transmission rate (WVTR) of 
<10-6 g/(m2*day)and an oxygen transmission rate (OTR) at STP of <10-5 cm3/m2/day.15  These 
requirements arise from the sensitivity of the low work function metals (e.g. Ca, Li, Mg) in these 
devices.  There is great interest in fabricating organic electronic devices on flexible polymer 
substrates.  However, these polymer substrates require a gas diffusion barrier because they 
typically have a WVTR on the order of 10-0.1 g/(m2*day).15  
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The development of gas diffusion barriers requires an accurate method for determining 
H2O and O2 permeation rates.  The only commercial systems available for WVTR measurement 
are produced by MOCON.9  Their detection limit of ~10-3 g/(m2*day) is insufficient for testing 
ultra-barriers deposited with ALD.  In response to this lack of characterization methods, two 
primary techniques have been developed to characterize ultra-low steady state permeation 
through barriers: the “calcium test” and “HTO tracer method”.9, 13   
The HTO tracer method involves placing the films in the apparatus shown in Figure 1.4.  A 
small amount of 1mCi/g HTO is placed in the vessel base.  The barrier coated polymer sample is 
enclosed within the vessel with rubber O-rings and a vial containing LiCl is suspended from the 
vessels cap.  As HTO permeates the polymer/barrier it is absorbed by the hygroscopic salt.  
Once the salt vial is removed it is dissolved in a small amount of ultrapure water and a 
scintillation cocktail is added.  The salt vials are changed roughly every twenty-four hours for 
the period of the test, usually 200-300 hours.  The results from the scintillation counter can 
then be used to determine the WVTR through the sample.9  The downside to this is that only 
measurement of the tritium concentration is measured.  The assumption is that the tritium 
concentration is representative of the water concentration. However, there is evidence that 
atomic tritium can diffuse through the barrier with the aid of a proton exchange reaction, 
leading an over estimate in the WVTR.32   
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Figure 1.4 HTO Apparatus 
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Calcium Test 
The calcium test uses a thin, metallic, calcium layer as a sensor for water and oxygen 
permeation.9, 12, 13, 16   There are two versions of the Calcium test, both of which rely on 
measuring the oxidation of Ca metal.33, 34 The main difference in the methods is how the Ca 
oxidation is measured.  As oxygen or water permeate the barrier, they react with Ca to form 
calcium oxide [CaO] or calcium hydroxide [Ca(OH)2], both of which are transparent to visible 
light and electrically insulating 
 In 2001, Nisato et. al described a testing method using calcium (Ca) metal for measuring 
low H2O and O2 permeation rates.
33  Their tests relied on using optical observations of the 
oxidation of metallic Ca to Ca(OH)2 and CaO to determine calcium corrosion rates. A CCD 
camera was used to monitor the reflection from Ca pad.  From the images obtained they 
measured the area growth of local oxidation regions.  Once the growth rate of these areas 
becomes linear they use that rate to determine WVTR.  These measurements allow the 
calculation of the overall degradation rate of the calcium layer and the permeation rate for the 
barrier. The WVTR and OTR cannot be easily separated by this method. Further small error is 
introduced by the difference in optical constants between the CaO and Ca(OH)2 products.  
However, this method is useful to get a baseline measurement of the barrier performance.  .  
The % transmittance of the sample can also be followed as a function of time.  However, the 
development of localized oxidation regions will result in sudden increases in the transmittance.  
The non-uniformity of the Ca degradation can lead to errors in the determination of a WVTR.  
 Other groups have subsequently employed the Ca test with optical transmission 
probing to measure gas diffusion barriers.35  A similar Ca test method was recently used by 
12 
 
DuPont to evaluate Al2O3 ALD barriers on polymer substrates.
13  An illustration of the Ca test at 
DuPont is shown in Figure 1.5.13  The barrier film is adhered to the Ca test films on a glass 
substrate using an epoxy seal.  The Ca test revealed that the Al2O3 ALD film was an excellent 
barrier and WVTR values less than 5 x10-5 g/(m2*day) were obtained at 38 °C/85% relative 
humidity (RH).36   
A second implementation of the Ca test has also been developed that relies on 
measuring the electrical conductance of a Ca film during oxidation.34  Other groups have also 
employed electrical conductance to monitor Ca oxidation.37  In this version of the Ca test, 
samples can be prepared by depositing Ca metal on a polymer substrate.  A schematic of a 
possible experimental configuration adapted from Ref. 34 is shown in Figure 1.6.  Silver contacts 
were evaporated and the sample was covered with a glass lid using an epoxy seal.   
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Figure 1.5 DuPont Ca Test Diagram 
Figure 1.6 Electrical Ca Test Diagram 
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Ca Test Electrical Theory 
We will be using the equation originally published by Paetzold in 2003 with some of our own 
modifications. The original equation is: 
( )                    
 (       )
 (  )
  
 
 
 (  )⁄
  
 
P = Permeation Rate (g/(m2*day)); n = stoichiometric coefficient; M(Ca) = Molar mass of Ca; M(reagent) = Molar mass of H2O or 
O2;  δ = density of Ca; ρ = resistivity of Ca; l = separation of contacts; b = width of Ca pad; 1/R = Conductance (mho) 
This model makes a few critical assumptions.  First, that Ca corrosion is uniform in one 
dimension, perpendicular to the barrier.  Secondly, that all corrosion is due to either water or 
oxygen.  Third, the film is uniform in density and resistivity.  The fourth and final assumption is 
that the area of the Ca pad and the area of the barrier are equal.  
If we examine these assumptions we find a few problems.  At first it seems reasonable 
that, if the barrier is pinhole free, oxidants permeating the barrier will uniformly diffuse.  
Barrier permeation is known to be defect-dominated.14, 33  If the barrier is oriented toward the 
humid atmosphere the following happens.  The oxidant permeates a pinhole and enters the 
polymer; the concentration of water expands in all directions equally.  This forms a 
hemispherical wave that diffuses through the polymer (Figure 1.7).  If the separation between 
the defects is less than the polymer thickness the hemispheres will join. Once the hemispheres 
join, a uniform wave front of water is formed.  When this wave front reaches the Ca we would 
expect it to also oxidize uniformly.   For this to happen all of the defects must have a separation 
less than the thickness.  The model doesn’t hold true when barrier defects act as point sources.  
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If the defects have very large separations the hemispheres will reach the Ca at individual points.  
The Ca will begin to oxidize at a point.  The oxidation will spread in a hemispherical wave front 
through the Ca just at is did through the polymer.  When the Ca film is directly on the barrier, 
point sources all that is available for water penetration. Once the oxidation hemisphere has 
moved to through the calcium thickness the oxidation will expand in as a cylinder centered on 
the defect (Figure 1.8).  As oxidation progresses the edges of the cylinders will meet.  Depending 
on the distribution of defects, large conduction paths can become electrically isolated without 
oxidizing all of the Ca metal in the electrical path.  Such situations result in a sharp decrease in 
conductance resulting from the restricted percolation path rather than true Ca oxidation.  This 
makes it impossible to determine a WVTR using the standard interpretation of Ca test 
conductance curves.   
If the barrier is facing the atmosphere this could take days depending on the defect size 
and separation.  With the barriers facing the Ca sensor, polymer saturation should happen 
within a day or two depending on experimental conditions and polymer substrate.  Water 
absorption by the polymer may lead to barrier disruption if the polymer expands. 
The assumption of water being the major oxidant is made because limited results have 
shown that the oxidation of the Ca varies greatly with temperature and humidity content.  This 
has led many to believe that water is the predominant penetrant.  This may simply be that the 
activation energy need for oxygen to react with a Ca surface is higher than H2O.  No apparatus 
has yet been built that can separate OTR and WVTR for barrier films.  We did not perform these  
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Figure 1.7 Water Diffusion Wavefronts for 
Barriers on Polymers 
Figure 1.8 Oxidation Wavefront Forms for a Barrier on Ca 
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experiments, but our apparatus could be easily adapted to.  For the purposes of our work we 
will be report the apparent WVTR for barrier films. 
Problems with the Ca Test  
There are some limitations of the optical implementation of the Ca test.  In particular, 
the optical Ca test is limited by the epoxy edge seal that provides a path for H2O and O2 
diffusion.  Recent tests have revealed that Al2O3 ALD barriers on PEN were equivalent to the 
glass lid control with using optical Ca test.36   The measured water vapor transmission rate 
(WVTR) for both the Al2O3 ALD film and the glass lid yielded effective WVTR values of ~1x10
-4 
g/(m2*day).  This WVTR value was assigned to H2O permeation through the epoxy edge seal.
36  
With such a high baseline WVTR value, the Ca test cannot easily be used evaluate high quality, 
low permeability barriers with a WVTR values at or below 5x10-5 g/(m2*day) at 38 °C/85% RH.  
The largest limiting factor for the electrical Ca test is also the epoxy edge seal. 
There are other problems with the Ca test using either the optical and conductance 
methods.  In addition to the epoxy edge sealing, another issue that affects the optical method is 
the required modeling of the optical multilayer stack.  The modeling is difficult because of a lack 
of knowledge regarding the identity of the oxidized Ca sample.  The oxidized Ca could be either 
CaO or Ca(OH)2 and their optical constants are not known exactly. An unknown, changing, 
mixture of the two, which will vary through the test, further complicates attempting the 
modeling. This variance is caused by the reaction sequence that Ca metal undergoes when 
exposed to water and oxygen.  If Ca metal is exposed to oxygen first, it will form CaO (ΔHf
o=-
635.09 kJ/mol).  If the CaO is sequentially exposed to H2O will with form Ca(OH)2 (ΔHf
o=-
986.09).  Since only the first change from metal to oxide (or hydroxide) causes a conductance 
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change this means the two permeation rates cannot be separated.  The typical solution to this 
is that all oxidation is assumed to be due to water permeation and an “effective WVTR” is 
typically reported.  The optical method suffers further from multiple optical layers with varying 
properties that are not known accurately. These layers include the glass substrate, the epoxy, 
and the polymer.   In addition, the gluing of the polymer to the Ca film on the glass substrate 
using epoxy means that the polymer cannot be reused after the Ca test.  Consequently, many 
individual samples are required to obtain meaningful results.   
Other difficulties also affect the Ca test using the conductance method.  The 
conductance test assumes that uniform Ca oxidation occurs in a top-to-bottom fashion. 34  Since 
barrier permeation is known to be defect-dominated, uniform Ca oxidation may not be 
occurring if the Ca film is located close to the barrier.14, 38, 39  This is the original configuration 
that has been widely used.  In the case of pinhole defects, the Ca film may be oxidizing in 
localized areas under the pinhole defects.  Depending on the distribution of defects, large 
conduction paths can become electrically isolated without oxidizing all of the Ca metal in the 
electrical path.  Such situations result in a sharp decrease in conductance resulting from the 
restricted percolation path rather than true Ca oxidation.  Oxidation via pinholes occurs in a 
hemispherical fashion. As long as the radius of the hemisphere is smaller than the thickness of 
the Ca film the electrical method provides a meaningful result.   
A second problem for the conductance method arises from the metal used to form the 
electrical contacts with the Ca metal.  Silver and gold are common choices for good electrical 
contacts that will not corrode.  Unfortunately, both of these metals form crystalline alloys with 
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Ca at temperatures where the permeation tests are conducted.40, 41  There are multiple alloy 
phases that can form, all of which have exothermic enthalpies of formation ranging from -41 to 
-106 KJ/mol.42  These alloys are typically studied at elevated temperatures. However, recent 
results have shown that annealing at low temperature (270 °C) for as little as 15 minutes can 
affect Au-Ca alloy structure.43  This alloy formation leads to changes in the conductance 
measurement that cannot be accounted for and increases the uncertainty in the 
measurements.  Other metals besides silver and gold must be employed to avoid this difficulty.  
After noticing this problem with gold contacts we determined that Cr metal made an 
appropriate electrical contact. 
Substrate Effects 
Measurements of WVTRs usually ignore the effect of the polymer substrate because the 
WVTR of the polymer is so large at ~1 g/(m2*day).  Any saturation behavior or lag times 
resulting from the polymer substrate are usually assumed to be negligible.  However, the 
polymer accounts for a significant fraction of the barrier/polymer system.  A typical Al2O3 ALD 
barrier is 0.025 µm.  A typical PEN polymer thickness is 50-200 µm.  In addition, the ALD barrier 
is usually deposited on only one side of the polymer.  As a result of this asymmetry, the ALD 
barrier can either face the incident H2O flux or face away from the incident H2O flux.  Figure 1.9 
shows a representative schematic of an Al2O3 ALD barrier on a PEN substrate.  The response to 
water exposure by the polymer can have multiple effects on a barrier.  Swelling could disrupt a 
barrier by applying tensile strain.  An accumulation of water at the interface may cause 
degradation or delamination of the barrier.      
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One parameter that is often ignored when measuring WVTRs using the Ca test is the 
time for the water flux to saturate the polymer.  This saturation time is required before H2O can 
diffuse through the polymer at a steady state.  This time will be included in the barrier’s 
measured lag time by the Ca test.  The saturation time will depend critically on whether the 
ALD barrier faces the incident H2O flux or faces away from the incident H2O flux.  If the water 
flux is meeting the barrier first the flux into the polymer will be greatly limited. This will 
increase the time it takes to fill any bulk reservoir sites in the polymer.  The total lag time is the 
sum of the time to saturate the polymer and reach steady state diffusion through the barrier.   
To understand the times required to saturate the polymer, Ca tests were performed for the 
PEN polymer without any ALD barrier.  Additional Ca tests were conducted at different 
temperatures under constant H2O flux to determine the activation barrier for H2O transport 
through the PEN polymer.  Further tests were carried out with unsaturated and saturated PEN 
to determine the effect of polymer uptake on Ca test performance.  After fully understanding 
the role of the PEN polymer, we can then return to the ALD barriers on the PEN polymers and 
extract meaningful WVTR values.  Detailed understanding of the polymer/barrier system should 
increase our ability to model such systems.   
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Figure 1.9 Barrier on PEN Schematic 
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Equipment 
To perform all aspects of this work within our laboratory, an apparatus was built 
consisting of a physical vapor deposition (PVD) chamber, a N2 glove box and an attached ALD 
reactor.  This apparatus is shown in Figure 1.1. An environmental chamber, digital multi-meter 
(DMM), USB microscope and computer were also used. 
Glove box 
A Vacuum Atmospheres Company single workstation Omni-lab glove box was chosen as 
the base for our combination system.  In order to couple the ALD reactor to the base of the 
glove box it was necessary to have a custom attachment ring welded into the bottom of the box 
by the manufacturer.  The attachment ring was custom manufactured for us by the CIRES 
machine shop at the University of Colorado and shipped to the manufacturer.  The ring 
provides a sealable attachment point for the custom built top flange of the ALD reactor body.  
Further modification was made to the right panel of the glove box up receipt. A conflat half 
nipple was welded into the side panel to provide an attachment/inlet for the PVD transfer arm.  
ALD Reactor 
The Al2O3 ALD films were deposited using a low vacuum, hot-wall, viscous flow reactor.  
The reactor body consists of a custom reducing cross with a 6” inch body, 3-3/8” CF inlet port 
and 2-3/4” CF exhaust port. The body of the reactor in oriented vertically with a custom 8” CF 
attached to the glove box. The top is sealed with a hinged lid, providing access to the reactor 
chamber.  The bottom is a standard CF cap.  A conical reducer, 3-3/8” to 2-3/4”, is located on 
the inlet side as a small expansion zone.   The reducer is capped with a 2-3/4” cap with three ¼” 
VCR ports.  These ports provide the attachment points for two reactant lines and one high 
temperature precursor line.   
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Figure 1.10 Schematic of apparatus to prepare Ca films comprised of PVD chamber, glove box and attached ALD reactor. 
Figure 1.11 ALD Reactor Schematic (Top View) 
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One reactant line is dedicated to metal-organic precursors; the other is dedicated to 
oxidants.  This helps to prevent unwanted deposition in the lines. This decreases particle 
generation and maintenance down time.  The reactant lines are constantly purged by 100 sccm 
of ultrahigh purity (UHP) N2 that is split from a single mass flow controller (MFC). 
The reactants for Al2O3 ALD were trimethylaluminum (TMA, Al(CH3)3) and water (H2O).  
The reactants were alternately injected into the UHP N2 viscous flow carrier gas continuously 
traveling through the reactor (Figure 1.11).  The baseline chamber pressure was 1000 mTorr 
with the N2 flowing through the reactor.  Using computer-controlled pneumatic valves, the 
substrate is first exposed to TMA.  Subsequently, after N2 purging to remove residual reactants 
and reaction products, the substrate is exposed to water and a second N2 purging process.  This 
sequence defines on AB cycle for Al2O3 ALD.  The timing for this sequence was (t1, t2, t3, t4) 
where t1 is the TMA exposure time, t2 is the N2 purging time, t3 is the water exposure time and 
t4 is the second N2 purging time.  The timing sequence was (1, 120, 0.5, 120) where the time are 
in seconds.  The reactant pressures were both 300 mTorr.   
The Al2O3 ALD films were grown to the desired thicknesses by repeating the sequence 
for various numbers of AB cycles.     The desired Al2O3 ALD barrier were then all deposited at 
120-125 °C using trimethylaluminum (Al(CH3)3) and H2O.
2, 3  Al2O3 ALD films were deposited on 
Ca target directly and on HSPEN (DuPont Teijin Inc.) with a thickness of 200 m depending on 
the experiment.  
A quartz crystal microbalance (QCM) is a very effective tool for measuring reactant 
adsorption and identifying the growth rate.44, 45  The QCM measures the change in vibration  
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Figure 1.12 QCM Schematic (Side View) 
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frequency of a quartz crystal as mass is added to its surface.  The change frequency is converted 
into a mass per unit area by a thin film deposition monitor.  The QCM is used in-situ in an ALD 
reactor to detect mass changes per reactant exposure.  The technique is sensitive but is limited 
because the frequency of the crystal is affected by temperature as well as mass changes.  
Consequently maintaining a constant temperature within the reactor is critical.  This is 
accomplished using computerized feedback controllers for the heaters.  The measured mass 
can also be affected by unwanted deposition on the “backside” of the crystal. This effect is 
countered by carefully sealing the crystal holder to the QCM housing with a conductive epoxy 
and a small N2 purge (Figure 1.12).  Once saturation conditions for a given chemistry within a 
reactor system are determined a QCM is not necessary for every deposition.   When not using a 
QCM for each deposition the use of a witness wafer is advisable. A witness wafer is a 1” x 1” 
square of polished silicon wafer that is placed in the reactor during deposition.  After the 
reaction is complete the wafer can measured ex-situ to confirm the ALD layer’s thickness, 
roughness and density.   
A Bede D1 x-ray diffractometer using the Cu Kα (1.71 Å) line was used to measure 
witness wafers for this work. Bede REFS fitting software was used to model the obtained 
reflectance spectra.   
PVD Chamber 
The PVD chamber body is a 10” CF cube with ports for pressure measurement, gas 
inlets, pumping, the transfer arm and a viewport.  The RF source is an Advanced Energy RFX-
600 with an ATX-600 tuning network powering a Kurt J. Lesker Torus magnetron sputter gun.   
The chamber is pumped with a Pfeifer turbo pump backed by an oil filled rotary pump.  During 
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sputtering the chamber is back filled with Argon (Ar) to the desired pressure.  All samples are 
spun during deposition using a stepper more to even out inconsistencies. 
Calcium Sensors 
The Ca sensor is made by starting with a 3” x 1” glass slide.  The slides are base bathed 
to remove any oils.  After removal from the bath they are washed with water, acetone and 
methanol.  They are left in a methanol bath and placed under a HEPA particle hood.  Once 
under the hood they are blown dry with filtered N2.  Double sided tape is used to attach 
stainless steel masks to the glass slides.  The masks cover a 0.5” strip down the center of the 
glass slide, leaving a 0.25” section on either side to be coated with Chromium (Cr) metal.  
Double sided tape is then used to attach multiple masked slides to a sample platter.  The slides 
are placed inside the PVD chamber and pumped down.  Chromium metal is deposited using 400 
watts with 15 mTorr partial pressure of Ar for ten minutes (Table 1.1).  This gives a contact 
thickness of approximately 270 nm.  Once deposition is complete the slides are removed and 
unmasked.  They are visually inspected for contact uniformity; any slides with defects are 
discarded.  The coated slides are washed with acetone and methanol to remove adhesive 
residue.  After being blown dry they are cut into three 1”x1” squares.  The newly made sensor 
substrates are put into the glove box for the next steps.  Immediately prior to each test run a 
sensor substrate is placed onto a custom PVD sample platter and masked.  The mask leaves a 
0.75” by 0.5” area for Ca deposition.  Care must be taken to ensure that the correct substrate 
side is exposed.  The platter is inserted into the PVD chamber via the transfer arm and gate 
valve.  Calcium pads were deposited using the conditions listed in Table 1.1.  The samples were  
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Figure 1.13 Sample Photo 
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then returned into the N2 glove box. From there the samples could be directly placed into the 
ALD reactor or assembled into the Calcium test apparatus.   
In our early experiments Cr/Au contacts were used.  Chromium was put down first to 
provide an adhesion layer for the subsequent Au.  We believed that Au would provide the best 
inert and highly contact for the Ca.  We observed a change in contact appearance when the 
samples were removed from the humidity chamber.  When the Ca was first deposited they Ca-
Au contact area appeared smooth to the eye. After being placed the in environmental chamber 
they would begin to change to a more crystalline appearance with many facets. An example 
photo of one sample is shown in Figure 1.13.  Upon investigation we found that Au and Ca form 
alloys, even at relatively low temperatures.40, 41  Since Ca and Cu also alloy, albeit at higher 
temperatures, we decided to use Cr as our contacts.  
 Calcium substrates can be re-used after being rinsed in a dilute H2SO4 solution and 
cleaned using the initial procedure.  This reduces the cost of maintaining the apparatus.  Before 
reuse the contacts should be inspected for scratches.  Good even contacts are very important 
for this test. 
Table 1.1 Metal Deposition Conditions 
Metal Forward Power 
(watts) 
Sample-Target Distance 
(mm) 
Rotational Speed Ar Pressure 
(mTorr) 
Time 
(min) 
Au 300 35 5 15 10 
Cr 400 35 5 15 10 
Ca 300 35 5 15 10 or 20 
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Polymer Substrate 
 For this study heat stabilized polyethyl naphthalate (HSPEN) from DuPont Teijin Films, 
Q65F, was used as the barrier substrate.  PEN is the current substrate of choice for OLED 
applications. It has good optical clarity, stability, and smoothness. The heat stabilization process 
give the PEN good dimensionally stability when thermally cycled. This is an important property 
for a barrier substrate. Thermal cycling applies stress and strain to the ALD barrier.46 This can 
lead to delamination and/or fracturing resulting in barrier failure.  If the application does not 
require optical clarity, heat stability is a key factor in choosing a suitable substrate. 
Environmental Chamber 
Two humidity chambers were used in this work. The first, for the initial phase, consisted 
of an oven containing a saturated salt solution to set the relative humidity within the oven.  
This method of setting relative humidity is widely used to calibrate humidity sensors.47, 48  The 
standard solution was saturated with MgCl2 to set the oven at ~28%.  This solution was chosen 
because it was well below 70% RH.  This is the humidity at which Al2O3 begins to degrade.   The 
oven also had a feed through and a viewport, allowing electrical leads and the USB microscope 
to monitor the test.   
The second chamber was an ESPEC BTL-400 with a heated window and optional side 
ports. An in house written Labview program was used to interface with the chambers Watlow 
F4 controller.  This allowed the conditions within the chamber to be monitored and recorded.  
The temperature and humidity ranges are -20 to 180 °C and 10 to 90% RH respectively. These 
ranges are well within the capabilities of the Ca test apparatus. 
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Optical Imaging 
For the oven/salt solution apparatus a USB microscope was positioned at the oven 
viewport to monitor the sample visually. A waterproof USB camera was used with auxiliary 
lighting inside the BTL-400 chamber.  Image capture software, Flix by Nimisis, was used to 
record a sample image every five minutes for the duration of the sample test.  These images 
were used in order to determine a WVTR that will be described later.  The software was also 
used to compress the photos into a video to provide a time lapse video of the sample.  This 
video has proved valuable in evaluating the evolution of sample oxidation.  It was these videos 
that allowed us to see that there were initial defects, most likely due to particle contamination, 
and a bloom of defects, most likely due to defects in the ALD barrier itself. 
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Chapter 2 Al2O3 Gas Diffusion Barriers Grown Directly on Ca 
Abstract 
 Al2O3 gas diffusion barriers grown directly on Ca films using atomic layer deposition 
(ALD) techniques were evaluated using several methods based on Ca oxidation.  The Al2O3 ALD 
films were grown on Ca films at 120°C using trimethylaluminum and H2O as the reactants.  The 
oxidation of the Ca films was then monitored versus time at 70°C and ~28% relative humidity 
either by measuring the electrical conductance of the Ca film or by recording the photographic 
image of the Ca film.  In the photographic images, the Ca films revealed that the Al2O3 ALD films 
have a small number of pinhole defects that lead to Ca film oxidation areas that grow radially 
around the pinhole defect versus time.  A burst of new oxidation areas also appeared suddenly 
at later times and grew radially versus time.  This rapid “blooming” may be related to another 
type of defect caused by water corrosion of the Al2O3 ALD films.  In the electrical conductance 
measurements, the conductance of the Ca film initially showed little change versus time.  The 
conductance then dropped rapidly when the oxidation area in the photographic image was a 
noticeable fraction of the Ca film area.  The conductance measurements yielded a WVTR value 
of ~2 x 10-2 g/m2/day prior to the rapid reduction of the conductance.  The photographic images 
of the Ca film were also analyzed to obtain a WVTR value assuming radial oxidation of the Ca 
film around defects.  The WVTR values obtained from the electrical conductance and the 
photographic images were in approximate agreement and increased versus Ca film oxidation 
until the rapid “blooming” of new circular oxidation areas.  The WVTR value was also estimated 
from the time required for the electrical conductance to be reduced to nearly zero.  This 
estimated WVTR value of ~0.2 g/m2/day was comparable with the largest WVTR values 
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obtained from the electrical conductance and the photographic images after the onset of the 
“blooming”.  This study reveals that a range of WVTR values can be obtained from different 
variations of the Ca test.  There is also a dependence of the WVTR values on the extent of Ca 
film oxidation. 
Introduction 
Ultralow water vapor transmission rates (WVTRs) are required for the operation of 
organic electronic and thin film photovoltaic devices.49, 50  A WVTR of <10-6 g/m2/day and an 
oxygen transmission rate (OTR) at STP of <10-5 cm3/m2/day are needed for organic based 
electronics to reach device lifetimes of 10,000 hrs.15, 50  These requirements arise from the 
sensitivity of the low work function metals in these devices.  Many thin film solar devices also 
need WVTR values between 1 x 10-4 and 1 x 10-6 g/m2/day.49  For flexibility, organic electronic 
and thin film solar devices could be fabricated on flexible polymer substrates.  However, 
polymer substrates typically have WVTRs in the range of 10-0.1 g/m2/day and require gas 
diffusion barriers to obtain ultralow WVTR values.15 
No commercial instrumentation is available to measure ultralow WVTRs.  The best 
currently available commercial capability is the MOCON Aquatron Model 1 instrument that has 
a sensitivity down to WVTR ~ 5 x10-4 g/m2/day (MOCON, Minneapolis, MN).  The so-called “Ca 
test” using the oxidation of Ca films is one approach that has been employed to measure 
ultralow WVTRs. The Ca test can be used in several adaptations.  The most widely utilized 
methods are based on the electrical conductance of the Ca film,34 the optical transmittance 
through the Ca film,51or the oxidized area of the Ca film.16  Other methods that have been 
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developed to measure ultralow WVTRs are based on quadrupole mass spectrometry52, 53 or 
HTO radioactive tracers.54, 55   
Although the Ca test has high sensitivity, there are numerous assumptions employed to 
extract WVTR values from Ca test experiments.  One assumption is the linearity of the optical 
transmission, electrical conductance or oxidized area with Ca film oxidation.  This assumption of 
linearity has not been independently confirmed and must be questioned given recent evidence 
for the inhomogenous oxidation of Ca films.56  Another assumption is the final oxidation state 
of the Ca film.  Both Ca(OH)2 and CaO are possible and could affect the WVTR value by a factor 
of two.34, 57, 58    
Another difficulty is the presence of residual H2O and H2O that enters the test apparatus 
and oxidizes the Ca film without passing through the barrier.  WVTR values as low as  5 x 10-5 
g/m2/day at 38C/85%RH were measured for Al2O3 atomic layer deposition (ALD) films using 
the Ca test with optical transmission probing.57  However, glass lid control experiments 
indicated that these WVTRs were limited by H2O permeability through the epoxy seal.
57  
In this study, we employed several Ca test configurations to evaluate the gas diffusion 
barrier properties of Al2O3 ALD films.  Recent studies have shown that Al2O3 ALD films are 
effective gas diffusion barriers and encapsulation layers.55, 57, 59-63  For this investigation, Al2O3 
ALD films were deposited directly on Ca films using an ALD reactor that was accessed from an 
N2-purged glove box.  The Ca films were then probed by photographic imaging and electrical 
conductance.  Because the Al2O3 ALD films were directly deposited on the Ca film, the 
photographic imaging can observe spatial information and locate defects in the Al2O3 ALD film.  
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Electrical conductance measurements can also be performed concurrently with the 
photographic imaging to correlate the spatially inhomogeneous Ca film oxidation with the 
electrical behavior.  
Experimental 
Ca Deposition Using Glove box with Attached PVD Chamber 
The Ca test requires that the Ca film be deposited and prepared for the gas diffusion 
barrier measurements under a controlled oxygen-free environment.  To meet this requirement, 
an apparatus was built consisting of a physical vapor deposition (PVD) chamber connected to a 
N2 glove box.  The glove box was an Omni-Lab system from Vacuum Atmospheres Company 
with a custom attachment ring welded into the floor of the unit.  An ALD reactor was connected 
to the bottom of the glove box using the attachment ring.  Samples could transfer directly from 
the N2 glove box to the ALD reactor using a Viton-sealed, quick-access door.  This apparatus is 
shown in Figure 1.10. 
To prepare the Ca films, 3” x 1” glass slides were first placed in base piranha solution for 
initial cleaning and then washed with water, acetone and methanol.  While still in a methanol 
bath, they were placed in a HEPA particle-filtered hood and then blown dry with N2.  Double-
sided tape was used to attach stainless steel masks to the glass slides.  The masks covered a 
0.5” strip down the center line of the glass slide and left a 0.25” section on either side to be 
coated with gold (Au) on a chromium (Cr) adhesion layer.  The slides were then placed inside 
the PVD chamber.   
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The PVD chamber was pumped with a turbomolecular pump that maintained a typical 
base pressure of 3 x 10-6 Torr.  The PVD chamber contained a RF-Magnetron Torus source from 
Kurt J. Lesker for sputter deposition.  This source was powered by an Advanced Energy RFX-600 
radio frequency supply with an ATX-600 matching network.  Cr and Au were sputtered to 
deposit ~110 nm of Cr and then ~130 nm of Au.  After the Cr and Au deposition, the coated 
slides were washed with acetone and methanol to remove the adhesive residue.  The glass slide 
was then cut into three 1”x1” squares.   
The 1” x 1” squares were mounted onto a custom sample platter and masked for Ca 
deposition in an area with dimensions of 0.75” x 0.5”.  The platter was inserted into the PVD 
chamber and the samples were attached to a rotating spindle.  A pre-sputter of 1-2 minutes 
was first performed with the substrate shielded to remove CaO from the Ca target.  The 
substrate was then uncovered and a Ca film was deposited using 300 W of forward power and 
an Ar pressure of 15 mTorr.  These conditions resulted in a Ca film deposition rate of 
approximately 4.5 Å/s.  The samples were then returned to the N2 glove box.  The Ca films were 
opaque with a mirror-like appearance.  A top view schematic of these Au/Cr and Ca-coated 
samples is shown in Figure 2.1. 
The Ca film thickness was determined using focused ion beam (FIB) and scanning 
electron microscopy (SEM) on reference samples using a NOVA 600i FIB/SEM from FEI.  The 
reference samples were prepared by depositing Ca metal on Si wafers.  The Ca film was covered 
with 110 nm of Cr to protect the Ca film from oxidation.  Cross-sections of these samples were 
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prepared using the FIB.  Subsequently, cross-sectional SEM images measured a thickness of 270 
nm for the Ca film.   
To determine the purity of the deposited Ca films, the measurement samples were 
analyzed by XPS depth-profiling.  This analysis was performed using a PHI 5600 XPS instrument 
with an Ar ion sputter gun.  These XPS measurements determined that the Ca films contained 
20 at.% O.  CaO and Ca(OH)2 are insulating materials and will increase the Ca film resistivity.   
The resistivity of the Ca films was determined by 4-wire resistance measurements 
performed inside the glove box.  A thicker Cr film thickness of ~540 nm without any Au 
overlayer was used for these measurements.  The resistance was then plotted as a function of 
1/thickness.  The Ca film thicknesses of 270, 410 and 570 nm were obtained by measurements 
on reference samples using FIB/SEM analysis as described above.  The slope of the plot of 
resistance versus 1/thickness was then used to determine the film resistivity using R= l/A 
where R is resistance,  is resistivity, l is the length of the film and A is the cross-sectional area 
of the film.  A resistivity of ρ = 1.34 x 10-4  cm was obtained for these Ca films containing 20 
at.% O.  In addition, the y-intercept yielded a resistance of 0.23  that measures the resistance 
in series to the Ca film. 
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Figure 2.1 Top and side views of Ca film on Au/Cr metal electrodes on glass. 
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Al2O3 ALD and ALD Reactor 
The Au/Cr and Ca-coated samples were then placed in the ALD reactor via a quick access 
door on the floor of the glove box.  The ALD reactor was a hot-wall, viscous flow ALD reactor 
similar to reactors that have been described earlier.
64
  The reactants were alternately injected into 
the ultrahigh purity N2 viscous flow carrier gas continuously traveling through the reactor.  The 
baseline chamber pressure was 650 mTorr with N2 flowing through the reactor.  The reactant 
pressures were both 300 mTorr.  
Al2O3 ALD was performed using Al(CH3)3 and H2O as the reactants at 120 °C.  The two 
sequential, self-limiting reactions during Al2O3 ALD are:
65, 66
  
(A) AlOH*  +  Al(CH3)3 → AlOAl(CH3)2*  +  CH4  (2.1) 
(B) AlCH3*  +  H2O → AlOH* + CH4     (2.2) 
where the asterisks indicate the surface species.  This sequence defines one AB cycle for Al2O3 
ALD.  The timing for this sequence was (t1, t2, t3, t4) where t1 is the TMA exposure time, t2 is the 
N2 purging time, t3 is the water exposure time and t4 is the second N2 purging time.  The timing 
sequence was (1.5, 75, 0.5, 75) where the time are in seconds. The repetition of these AB cycles  
 
Humidity Chamber, Electrical Conductance, and Photographic Measurements 
After the desired barrier thickness was deposited, the Al2O3 ALD-coated Ca samples 
were removed from the ALD reactor and N2 glove box.  A side view schematic of these Al2O3 
ALD-coated samples is shown in Figure 2.1.  The samples were then placed into an oven at 70°C 
containing a saturated MgCl2 solution that establishes the relative humidity of H2O within the 
oven at ~28%.  This method of setting relative humidity is widely used to calibrate humidity 
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sensors.67, 68  The oven also had electrical feedthroughs and a viewport to view the Ca film 
during the H2O exposure.   
The electrical conductance of the sample was monitored with a Keithley 2400 digital 
multi-meter connected to a computer.  A custom Labview program was used to record the 
sample conductance four times in every one second.  The measurements were then averaged 
to attenuate any electrical noise present in the signal.  A USB camera was also positioned at the 
oven viewport to monitor the sample visually.  Image capture software (Flix by Nimisis) was 
used to record a sample image every five minutes for the duration of the sample test.  The 
software was then used to process the photos into a time lapse video of the sample.  This video 
can monitor the evolution of sample oxidation.   
Approximately 30 individual Al2O3 ALD-coated Ca films were evaluated during the 
course of these experiments.  Videos were recorded for 21 of these samples.  All of the samples 
displayed similar behavior for both the photographic images and electrical conductance.  The 
results described below will concentrate on one sample in detail.  This sample is representative 
of the entire set of samples.   
Results 
Photographic Images  
Photographic images of the Ca film with a thickness of 270 nm coated with an Al2O3 ALD 
barrier versus time at 70°C/28% RH are shown in Figure 2.2.  This Al2O3 ALD film was grown 
using 150 ALD cycles and had a thickness of 18.7 nm.  The Ca film and the Au/Cr contacts on the 
sides are clearly visible.  The metallic Ca film appears dark in the photograph because of the 
metallic Ca film reflectivity.  The oxidized Ca film appears as a white area because the oxidized 
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Ca film is transparent to light.  The Au/Cr contacts on the sides of the Ca film are clearly 
distinguished because they have a different reflectivity and color than the Ca film.   
The photographic image of the Ca film in Figure 2.2A shows the presence of a few 
circular spots in the Ca film after 23.6 hours.  After 30.6 hours, Figure 2.2B shows that these 
circular spots have grown and a few additional new small circular spots are noticeable.  The 
circular spots are identified as oxidized Ca regions.  The video images clearly indicate that these 
oxidized Ca regions are circular areas that grow radially in size versus time.  This behavior 
argues strongly for the existence of pinhole defects in the Al2O3 ALD coating on the Ca film.  
These pinhole defects are believed to be caused by particles on the initial Ca film.69, 70  
After 37.0 hours, the photographic image in Figure 2.2C shows that a large number of 
new circular spots appear in the Ca film.  This burst of new circular spots is also associated with 
pinhole defects in the Al2O3 ALD barrier because the circular spots grow radially versus time.  To 
characterize this rapid “blooming” of circular spots, the number of circular spots appearing on 
the entire sample was counted versus time.  These results are shown in Figure 2.3.  A large 
increase in the number of circular spots was observed at ~32 hours at 70°C/28% RH.  This 
blooming may be due to water traveling through hydroxyl defects in the Al2O3 ALD film.  
Experiments on films with smaller Al2O3 ALD thicknesses grown using 80 and 100 ALD cycles 
observed the blooming at earlier times.  
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Figure 2.3 Number of circular spots on Ca film versus time for Al2O3 ALD film with thickness of 18.7 nm at 70 °C/28% RH.  
The rapid increase or “blooming” in number of circular spots occurs at ~32 hr. 
Figure 2.2 Photographic images of Ca films with thickness of ~270 nm coated with Al2O3 ALD barrier with 
thickness of 18.7 nm at 70 °C/28% RH:  (A) 23.6 hr; (B) 30.6 hr; (C)37.0 hr; and (D) 55.0 hr. 
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The circular spots continue to grow and then grow together.  After 55.0 hours, the 
photographic image in Figure 2.2D shows the nearly complete oxidation of the Ca film.  There is 
also texture in the oxidized regions that is consistent with circular spots overlapping to form 
larger oxidized areas in the Ca film.  The texturing may also result from the progressive 
expansion of the oxidized Ca film.  The reaction of water with Ca metal to form calcium 
hydroxide (Ca(OH)2) results in a 27% increase in volume.  Calcium hydroxide can also readily 
react with CO2 to form calcium carbonate (CaCO3).  This reaction results in a further increase in 
volume to a total of 31% (aragonite) or 42% (calcite) above the original Ca volume.   
 Electrical Conductance 
Electrical conductance data was collected concurrently with the photographic images.  
Figure 2.4 shows the conductance for the same Ca film that was analyzed using photographic 
images in Figure 2.2.  The electrical conductance at (A) 23.6 hours, (B) 30.6 hours, (C) 37.0 hours 
and (D) 55.0 hours correspond with the photographic images in Figure 2.2.  The loss in 
conductance is not linear in time.  The conductance initially shows almost no change versus 
time on this sample and the other samples.  At 23.6 hours labeled as (A), the conductance is on 
the threshold of a large reduction.  Figure 2.4 shows that the large conductance drop occurs at 
~30 hours.  This conductance drop coincides closely with the sudden increase in the number of 
circular spots on the Ca film that appears as a “blooming”. 
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Figure 2.4 Conductance versus time for Ca film with thickness of ~270 nm coated with Al2O3 
ALD barrier with thickness of 18.7 nm at 70 °C/28% RH.  The locations A, B, C and D 
correspond with photographic images in Figure 2.2. 
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At 30.6 hours labeled as (B) in Figure 2.4, the number of circular spots is starting to 
increase suddenly in Figure 2.3 and the conductance has reduced to approximately half of its 
initial value.  Figure 2.4 shows that the conductance drops to less than 10% of its initial value in 
very close correspondence to the end of the sudden “bloom” in Figure 2.3.  At times after the 
“bloom”, the electrical conductance is approximately constant.  Concurrently, the photographic 
images show that the circular spots are beginning to intersect with each other as displayed in 
Figure 2.2C.  At later times, the circular spots continue to grow and cover most of the Ca film.  
In this regime, as illustrated photographically at 55.0 hours in Figure 2.2D and labeled as (D) in 
Figure 2.4, the conductance is zero because there are no conducting pathways in the Ca film. 
The electrical conductance in Figure 2.4 is assumed to be dominated by the Ca film with 
no series resistance.56  This assumption is reasonable because the resistivity measurements of 
Ca films using thicker Cr film thicknesses of ~540 nm yielded a series resistance of only 0.23 .  
For the Cr adhesion layer film thickness of ~110 nm with the Au overlayer film thickness of ~130 
nm, the series resistance is expected to be even smaller than 0.23 This series resistance is 
negligible compared with the measured resistance of ~10  for the initial Ca film samples. 
WVTR from Electrical Conductance 
 Under a certain set of assumptions, WVTR values can be determined from the time-
dependence of the electrical conductance.  Assuming that the electrical conductance is linear 
with Ca film oxidation, the conductance method can derive the WVTR from the change of 
conductance versus time.34  Under this assumption and assuming that the Ca film oxidizes to 
Ca(OH)2 purely by reaction with water, this method was used to determine WVTR values from 
the conductance curve in Figure 2.4.   
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The WVTR or permeation rate, P, is determined using:34 
     
 (       )
 (  )
     
 
 
 
 (  )⁄
  
     (2.3) 
 
In Eq. 2.3, n is a stoichiometric coefficient which is n=2 for water oxidation,  M(Ca)= 40.078 
g/mol is the molar mass of Ca, and M(reagent)= 18.015 g/mol is the molar mass of H2O.  = 1.54 
g/cm3 is the bulk density of Ca and ρ = 1.34 x 10-4  cm is the resistivity of Ca film.  b=1.27 cm  
is the width of Ca film and l =1.27 cm is the separation of between the Au/Cr contacts.  In 
addition, 1/R is the measured conductance (mho).   
The resulting WVTR values are given in Figure 2.5.  The WVTR values are fairly constant 
at WVTR ~2 x 10-2 g/m2/day in the initial portion of the conductance curve at times <30 hours.  
These WVTR values are higher than previous WVTR values of ~1 x 10-3 g/m2/day for Al2O3 ALD 
films on PEN polymer substrates measured at 25°C/100 %RH using the HTO isotope method.55  
These WVTR values are also much higher than the WVTR values of 1.7 x10-5 g/m2/day and 6.5 
x10-5 g/m2/day at 38°C/85 %RH and 60°C/85 %RH, respectively, for Al2O3 ALD on PEN polymer 
substrates measured using the optical Ca test.59  The differences between the HTO and Ca test 
methods were attributed to T/H exchange on hydroxyl groups and T diffusion through the Al2O3 
ALD barrier.71  The T diffusion limits the lowest WVTR value that can be measured using the 
HTO method.71 
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Figure 2.5 WVTR values corresponding with conductance versus time for Ca film with thickness of ~270 nm 
coated with Al2O3 ALD barrier with thickness of 18.7 nm at 70 °C/28% RH. 
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The higher WVTR values for Al2O3 ALD films deposited directly on Ca films may result 
from chemical interactions between the Al2O3 ALD film and the Ca film that may degrade the 
Al2O3 ALD film.  Calcium in the form of calcium oxide (CaO) or calcium carbonate (CaCO3) is 
known to react with Al2O3 at high temperatures to form calcium aluminate (CaAl2O4).
72, 73  The 
higher WVTR values may also result from the rough surface morphology of the sputtered Ca 
film or particles on the Ca film that lead to more defects in the Al2O3 ALD film.   
The WVTR values in Figure 2.5 obtained from the electrical conductance measurements 
increase when the conductance falls at ~30 hours.  The largest WVTR values are observed at the 
time of the “bloom” when the number of circular spots increases dramatically at 32-35 hours.  
As the oxidation areas on the Ca film begin to merge, the electrical conductance falls to nearly 
zero and the conductance measurements can no longer yield an accurate WVTR value.  In this 
regime, there are few electrical conduction pathways that transverse the Ca film.  The relative 
change of the conductance is small and the WVTR values derived from Eq. 3 are extremely low.   
WVTR from Photographic Images 
The WVTR values were also obtained from the photographic observations.  This 
determination was accomplished using ImageJ software to convert color images from the USB 
camera to black-and-white images.  The color images were first converted to grey-scale images.  
A grey-scale threshold value was then set to produce binary images of black-and-white pixels.  
The grey-scale threshold value was determined visually based on a comparison between the 
color image and the black-and-white image.  Examples of these high contrast black-and-white 
images are shown in Figure 2.6.   
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Figure 2.6 High contrast black-and-white images of Ca film with thickness of ~270 nm coated with 
Al2O3 ALD barrier with thickness of 18.7 nm at 70 °C/28% RH. 
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Based on this procedure, ImageJ was then able to provide an accurate measurement of 
the white areas that correspond to oxidized Ca film.  Similar approaches have been employed 
to measure the amount of oxidized Ca using optical microscopy.16  In some instances, poor 
resolution and sample lighting led to inaccuracies in the converted photographic images.  For 
example, very shiny metal areas could appear as white oxidized areas.  These errors could be 
minimized through careful observation and manually removing the reflections from the 
measured oxidized area.   
The white oxidized surface areas could be converted to the amount of Ca film oxidation.  
The conversion between the white area and Ca film oxidization assumed that the Ca film was 
oxidized laterally as shown in Figure 1.8.  The white circular areas grow radially versus time as 
the Ca film is oxidized by H2O traveling through a pinhole defect.  The Ca film was assumed to 
be completely oxidized in the white areas.  This assumption is reasonable because the Ca film 
has a thickness of only ~270 nm that is much smaller than the typical size and change of 
diameter of the circular spots.   
The WVTR, or permeation rate, P, is determined from the photographic images using: 
   
 (   )
 (  )
       
 
  
      (2.4) 
In Eq. 2.4, n, M(H2O),M(Ca) and  are the same as in Eq. 2.3.  The change in oxide area is 
represented by ΔA.  The time interval, in days, between the photos used to measure ΔA is 
represented by Δt.  h= 270 nm is the height of Ca metal film.  The WVTR values obtained from 
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the photographic image analysis of the Ca films is shown in Figure 2.7.  The WVTR values 
obtained from the electrical conductance results are also shown for comparison.   
The WVTR values obtained from the electrical conductance measurements are 
somewhat higher than the WVTR values derived from the photographic image analysis.  
However, considering all the assumptions in the determination of the WVTR values and the 
inhomogeneous change of the Ca film during oxidation,56 this agreement within an order of 
magnitude is promising.  In particular, the relationship between the oxidized area of the Ca film 
and the decreasing electrical conductance may be very complex. 
The WVTR values derived from the photographic images and the electrical conductance 
are not in good agreement at later times after the “blooming” at 30-32 hours.  This lack of 
agreement is not surprising.  The circular spots are beginning to grow together on the Ca film 
and the electrical pathways across the Ca film are being severely restricted.  The conductance 
values are approaching zero at >32 hours and the small time derivatives lead to artificially low 
WVTR values from the electrical conductance. 
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Figure 2.7 Comparison between WVTR values obtained from photographic image and electrical conductance analysis 
versus time. 
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Discussion 
WVTR Measurements Using the Ca Test 
Because there are no commercial instruments that can measure ultralow WVTRs, most 
efforts have relied on the oxidation of metallic Ca films to determine H2O permeability rates.  
Because the oxidation of metallic Ca leads to a transparent and insulating film, the methods of 
employing the Ca test have been to measure the optical transmittance of the Ca film, the 
electrical conductance of the Ca film, or the oxidation area of the Ca film versus time.  The 
optical transmittance method was described by Nisato et al. in 2001.51  The electrical 
conductance method was demonstrated by Paetzold et al. in 2003.34  The oxidized area method 
was introduced by Kumar et al. in 2002.16 
Various groups have used the Ca test with the optical transmission method to measure 
the WVTR.51, 57-59, 74  Other groups have employed the Ca test with the electrical conductance 
method to measure the WVTR.34, 56, 75, 76  Additional studies have used the oxidation area of the 
Ca film to derive the WVTR.12, 16, 51, 77, 78  A wide range of WVTR values is obtained from all of 
these measurements.  Attempts to understand the reliability of the WVTR values is not easy 
because most of the Ca test studies have not been described in detail.  In addition, many of the 
assumptions of the optical transmission, electrical conductance or oxidation area methods have 
not been clearly defined or verified by these studies. 
Our combined studies using the photographic image and the electrical conductance of 
the same Ca film help to check the validity of the WVTR measurements.  Figure 2.5 shows that 
the WVTR values determined using the electrical conductance vary considerably depending on 
the oxidation of the Ca film.  Initial WVTR values of ~2 x 10-2 g/(m2*day) at times between 10-20 
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hours are somewhat larger than previously measured WVTRs for Al2O3 ALD films.
55, 59  However, 
after the “blooming” of the Ca film, the WVTR values change dramatically.  They first increase 
several orders of magnitude and then plummet as the electrical conductance approaches zero.   
The comparison between the WVTR values obtained by the photographic images and 
the electrical conductance can be used to determine the regions were the WVTR values are in 
agreement.  Figure 2.7 shows that the WVTR values obtained prior to the “blooming” of the Ca 
film are in reasonable correspondence.  From 10-30 hours, the WVTR values are similar to 
within an order of magnitude.  The electrical conductance WVTR values are consistently higher.   
Another check on the reliability of the WVTR value can be obtained by using the total 
time for the electrical conductance to reach zero.  Knowing the thickness of the Ca film and the 
initial composition of the Ca film, the oxidation of this Ca film to Ca(OH)2 can be converted to a 
WVTR value.  Based on the ~33 hours required for the electrical conductance in Figure 2.4 to be 
reduced to <10% of its initial value for a Ca film thickness of ~270 nm, the WVTR value is ~0.2 
g/(m2*day).  This determination considered that the Ca film was 20 at.% O.  This WVTR value is 
comparable with the largest WVTR values obtained by the electrical conductance or 
photographic image analysis after the onset of the “bloom”. 
The wide range of WVTR values obtained by these different methods for the same set of 
data raises serious questions about the reliability of the Ca test methods.  The lack of 
consistency suggests that the Ca film oxidation may not be simple.  The electrical conductance 
may not be linear with oxidation as usually assumed by previous studies.  The Ca film oxidation 
may not occur as assumed by the mechanism presented in Figure 1.8.  We note that other 
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recent studies of the morphology of the Ca films upon H2O exposure have revealed that the 
oxidation is not homogenous.56  The Ca film may not oxidize linearly from top to bottom.  The 
inhomogeneous nature of Ca film oxidation may affect the dependence of the electrical 
conductance and the oxidized area on Ca film oxidation. 
Nature of Pinhole Defects Observed By Ca Test 
 The deposition of the Al2O3 ALD films directly on the Ca film allowed the defects in the 
Al2O3 ALD film to be directly visualized.  This method is similar to previous studies that have 
deposited gas diffusion barriers directly on polymer films and then used an O2 plasma to 
visualize the defects.  The atomic oxygen in the O2 plasma etches the polymer through the 
defect and the undercutting can be observed using optical and electron microscopy.70, 79  
Depositing the Al2O3 ALD film directly on the Ca film also is similar to experiments where the Ca 
film is deposited on a polymer substrate and the barrier is deposited on the other side.12, 16, 77, 78  
In this case, the Ca degradation can identify the location of the defect in the barrier on the 
other side of the polymer.  Other studies have also recently been developed to view individual 
defects in Al2O3 ALD films using copper electroplating or fluorescent tagging.
80, 81  
These current studies revealed that there are two types of pinhole defects that 
appeared and grew circularly versus time.  The first type of pinhole defects are the defects that 
are present initially in the photographic images.  Examples of these pinhole defects are shown 
in Figure 2.2A.  We believe that these defects are associated with particles on the initial Ca 
film.69, 70  The particles are believed to mask the underlying Ca film from Al2O3 ALD and lead to a 
pinhole defect in the Al2O3 ALD film. 
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The second type of defects is associated with the “blooming” of oxidation areas that are 
observed at later times.  These defects appear very suddenly versus time.  An example of the 
“blooming” of oxidation areas is shown in Figure 2.2C.  These defects have the characteristics of 
pinhole defects because they grow circularly versus time.  However, these defects develop in 
the Al2O3 ALD film at later time and the onset time depends on the Al2O3 ALD film thickness.  
We believe that these defects are caused by water corrosion of the Al2O3 ALD film.  Another 
possibility is that these defects result from the chemical interaction between the Al2O3 ALD film 
and the Ca film.   
The nature of the defects caused by water corrosion may be similar to the defects 
described in recent studies of H2O permeation in Al2O3 ALD films of different thicknesses grown 
at different temperatures.82  This study postulated that H2O transport through Al2O3 ALD films 
occurs by H2O permeating along percolation paths formed by OH-defect clusters.
82  A certain 
fraction of these HO-defect clusters exist in Al2O3 ALD films.  Permeation will occur when a 
percolation path exists across the full thickness of the Al2O3 ALD film.
83, 84  The probability that 
such a percolation path will exist increases as the Al2O3 ALD film thickness decreases.   
For the current studies, the “blooming” occurs at a time when there are percolation 
paths across the Al2O3 ALD film resulting from H2O corrosion.  These percolation paths are not 
believed to exist initially at early time.  These percolation paths are formed progressively with 
time resulting from H2O corrosion of the Al2O3 ALD film.  Previous studies have revealed that 
nanoporous aluminum oxide films are susceptible to moisture induced degradation.85, 86  Other 
studies have observed that Al2O3 ALD films are susceptible to H2O corrosion.
71, 87  Al2O3 ALD 
57 
 
films are also known to dissolve in liquid H2O.
88  The “blooming” observed in these studies may 
be another indication of H2O corrosion. 
Conclusions 
 Ca films were employed to evaluate gas diffusion barriers grown using Al2O3 atomic 
layer deposition (ALD).  The Al2O3 ALD barriers were grown directly on Ca films.  The oxidation 
of the Ca films was then monitored by measuring the electrical conductance of the Ca film or by 
recording the photographic image of the Ca film.  The photographic images revealed that the 
Al2O3 ALD films have a small number of pinhole defects.  These pinhole defects produce Ca film 
oxidation areas that grow radially around the pinhole defect versus time.  These pinhole defects 
are probably caused by particles on the initial Ca film.  The photographic images also observed 
a burst of new circular oxidation areas that appeared suddenly at later times and grew radially 
versus time.  These defects may be caused by water corrosion of the Al2O3 ALD films.   
The electrical conductance of the Ca film initially displayed little change versus time.  
The correlation between the photographic images and the electrical conductance showed that 
the conductance dropped when the circular oxidation areas in the photographic images 
became a noticeable fraction of the Ca film area.  The conductance measurements yielded a 
WVTR value of ~2x 10-2 g/m2/day before the reduction of the conductance.  The WVTR values 
obtained from the electrical conductance and the photographic images were in approximate 
agreement and increased versus Ca film oxidation until the rapid “blooming” of new circular 
oxidation areas.  WVTR values were also estimated from the time required for the electrical 
conductance to be reduced to <10% of its initial value.  These estimated WVTR values of ~0.2 
g/m2/day were similar to the largest WVTR values obtained from the electrical conductance and 
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the photographic images after the onset of the “blooming”.  These results reveal the range of 
WVTR values that can be obtained from different variations of the Ca test and the dependence 
of the WVTR values on Ca film oxidation. 
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Chapter 3  A New Calcium Test Apparatus 
Abstract 
Ultralow permeability gas diffusion barriers on polymers with water vapor transmission 
rates (WVTRs) as low as <10-6 g/(m2*day) are required for organic electronic and thin film 
photovoltaic devices.  The Ca test is the only technique with sufficient sensitivity to measure 
these ultralow WVTRs.  WVTR values as low as  5 x 10-5 g/(m2*day) have been measured for 
Al2O3 atomic layer deposition (ALD) films at 38C/85% RH using the Ca test with optical 
transmission probing.13  However, glass lid control experiments indicated that these WVTRs 
were limited by H2O permeability through the epoxy seal.  Several new implementations of the 
Ca test were explored to overcome the limitations caused by epoxy seals.  However, the 
electrical conductance changed dramatically when the oxidized areas of Ca prevented electron 
conduction across the Ca film. The design described here measured the electrical conductance 
of Ca films in a test chamber that does not require epoxy seals.  In this case, the polymer films 
were attached to the test apparatus using differential seals.  All components in the apparatus 
were also baked in vacuum to remove any residual H2O.  This new test setup has yielded a 
baseline WVTR of 2.5 x10-4 g/(m2*day) which is a slight improvement on current commercial 
instruments.  The new instrument has the added potential of measuring OTR and WVTRs 
independently. 
Introduction 
The calcium test uses a thin, metallic, calcium layer as a sensor for water and oxygen 
permeation.9, 12, 13, 16   There are two versions of the Calcium test, both of which rely on 
measuring the oxidation of Ca metal. 33, 34 The main difference in the methods is how the Ca 
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oxidation is measured.  As oxygen or water permeate the barrier, they react with Ca to form 
calcium oxide [CaO] or calcium hydroxide [Ca(OH)2], both of which are transparent to visible 
light and electrically insulating. 
 In 2001, Nisato et. al described a testing method using calcium (Ca) metal for measuring 
low H2O and O2 permeation rates.
33  Their tests relied on using optical observations of the 
oxidation of metallic Ca to Ca(OH)2 and CaO to determine calcium corrosion rates. A CCD 
camera was used to monitor the reflection from Ca pad.  From the images obtained they 
measured the area growth of local oxidation regions.  Once the growth rate of these areas 
becomes linear they use that rate to determine WVTR.  These measurements allow the 
calculation of the overall degradation rate of the calcium layer and the permeation rate for the 
barrier. The WVTR and OTR cannot be easily separated by this method. Further small error is 
introduced by the difference in optical constants between the CaO and Ca(OH)2 products.  
However, this method is useful to get a baseline measurement of the barrier performance.  .  
The % transmittance of the sample can also be followed as a function of time.  However, the 
development of localized oxidation regions will result in sudden increases in the transmittance.  
The non-uniformity of the Ca degradation can lead to errors in the determination of a WVTR.  
 Other groups have subsequently employed the Ca test with optical transmission 
probing to measure gas diffusion barriers.35  A similar Ca test method was recently used by 
DuPont to evaluate Al2O3 ALD barriers on polymer substrates.
13  An illustration of the Ca test at 
DuPont is shown in Figure 1.5.13  The barrier film is adhered to the Ca test films on a glass 
substrate using an epoxy seal.  The Ca test revealed that the Al2O3 ALD film was an excellent 
61 
 
barrier and WVTR values less than 5 x10-5 g/(m2*day) were obtained at 38 °C/85% relative 
humidity (RH).36  
A second implementation of the Ca test has also been developed that relies on 
measuring the electrical conductance of a Ca film during oxidation.34, 37  In this version of the Ca 
test, samples can be prepared by depositing Ca metal on a polymer substrate or directly on the 
barrier.  A schematic of the experimental configuration adapted from Ref. 34 is shown in Figure 
1.6.  Silver contacts were evaporated and the sample was covered with a glass lid using an 
epoxy seal. 
Problems with the Ca Test  
There are some limitations of the optical implementation of the Ca test.  In particular, 
the Ca test is limited by the epoxy edge seal that provides a path for H2O and O2 diffusion.  
Recent tests have revealed that Al2O3 ALD barriers on PEN were equivalent to the glass lid 
control with using optical Ca test.36   The measured water vapor transmission rate (WVTR) for 
both the Al2O3 ALD film and the glass lid yielded effective WVTR values of ~1x10
-4 g/(m2*day).  
This WVTR value was assigned to H2O permeation through the epoxy edge seal.
36  With such a 
high baseline WVTR value, the Ca test cannot easily be used evaluate high quality, low 
permeability barriers with a WVTR values at or below 5x10-5 g/(m2*day) at 38 °C/85% RH.  The 
largest limiting factor for the electrical Ca test is also the epoxy edge seal. 
There are other problems with the Ca test using either the optical and conductance 
methods.  In addition to the epoxy edge sealing, another issue that affects the optical method is 
the required modeling of the optical multilayer stack.  The modeling is difficult because of a lack 
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of knowledge regarding the identity of the oxidized Ca sample.  The oxidized Ca could be either 
CaO or Ca(OH)2 and their optical constants are not known exactly. An unknown, changing, 
mixture of the two, which will vary through the test, further complicates the modeling. This 
variance is caused by the reaction sequence that Ca metal undergoes when exposed to water 
and oxygen.  If Ca metal is exposed to oxygen first, it will form CaO (ΔHf
o=-635.09 kJ/mol).  If the 
CaO is sequentially exposed to H2O will with form Ca(OH)2 (ΔHf
o=-986.09).  Since only the first 
change from metal to oxide (or hydroxide) causes a conductance change this means the two 
permeation rates cannot be separated.  The typical solution to this is that all oxidation is 
assumed to be due to water permeation and an “effective WVTR” is typically reported.  The 
optical method suffers further from multiple optical layers with varying properties that are not 
known accurately. These layers include the glass substrate, the epoxy, and the polymer.   In 
addition, the gluing of the polymer to the Ca film on the glass substrate using epoxy means that 
the polymer cannot be reused after the Ca test.  Consequently, many individual samples are 
required to obtain meaningful results.   
Other difficulties affect the Ca test using the conductance method.  The conductance 
test assumes that uniform Ca oxidation occurs in a top-to-bottom fashion. 34  Since barrier 
permeation is known to be defect-dominated, uniform Ca oxidation may not be occurring if the 
Ca film is located close to the barrier.14, 38, 39  This is the original configuration that has been 
widely used.  In the case of pinhole defects, the Ca film may be oxidizing in localized areas 
under the pinhole defects.  Depending on the distribution of defects, large conduction paths 
can become electrically isolated without oxidizing all of the Ca metal in the electrical path.  Such 
situations result in a sharp decrease in conductance resulting from the restricted percolation 
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path rather than true Ca oxidation.  Oxidation via pinholes occurs in a hemispherical fashion. As 
long as the radius of the hemisphere is smaller than the thickness of the Ca film the electrical 
method provides a meaningful result.   
A second problem for the conductance method arises from the metal used to form the 
electrical contacts with the Ca metal.  Silver and gold are common choices for good electrical 
contacts that will not corrode.  Unfortunately, both of these metals form crystalline alloys with 
Ca at temperatures where the permeation tests are conducted.40, 41  There are multiple alloy 
phases that can form, all of which have exothermic enthalpies of formation ranging from -41 to 
-106 KJ/mol.42  These alloys are typically studied at elevated temperatures. However, recent 
results have shown that annealing at relatively low temperature (270 °C) for as little as 15 
minutes can affect Au-Ca alloy structure.43  This alloy formation leads to changes in the 
conductance measurement that cannot be accounted for and increases the uncertainty in the 
measurements.  Other metals besides silver and gold must be employed to avoid this difficulty.  
After noticing this problem with gold contacts we determined that Cr metal made an 
appropriate electrical contact. 
Ca Test Electrical Model 
We will be using the equation originally published by Paetzold in 2003 with some of our 
own modifications. The original equation is: 
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P = Permeation Rate (g/(m2*day)); n = stoichiometric coefficient; M(Ca) = Molar mass of Ca; M(reagent) = Molar mass of H2O or 
O2;  δ = density of Ca; ρ = resistivity of Ca; l = separation of contacts; b = width of Ca pad; 1/R = Conductance (mho) 
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This model makes a few critical assumptions.  First, that Ca corrosion is uniform in one 
dimension, perpendicular to the barrier.  Secondly, that all corrosion is due to either water or 
oxygen.  Third, the film is uniform in density and resistivity.  The fourth and final assumption is 
that the area of the Ca pad and the area of the barrier are equal.  If the Ca sensor has significant 
separation from the barrier, such as in our apparatus, the Ca and barrier areas must be 
included.  The modified equation would then become: 
(3)                                   
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If we examine the assumptions we find a few problems.  At first it seems reasonable 
that, if the barrier is pinhole free, oxidants permeating the barrier will uniformly diffuse.  
Barrier permeation is known to be defect-dominated.14, 33  If the barrier is oriented toward the 
humid atmosphere the following happens.  The oxidant permeates a pinhole and enters the 
polymer; the concentration of water expands in all directions equally.  This forms a 
hemispherical wave that diffuses through the polymer (Figure 1.7). If the separation between 
the defects is less than the polymer thickness the hemispheres will join. Once the hemispheres 
join, a uniform wave front of water is formed.  When this wave front reaches the Ca we would 
expect it to also oxidize uniformly.   For this to happen all of the defects must have a separation 
less than the thickness.  The model doesn’t hold true barrier defects act as point sources.  If the 
defects have very large separations the hemispheres will reach the Ca at individual points.  The 
Ca will begin to oxidize at that point.  This process is even more pronounced when the Ca film is 
directly on the barrier (Figure 1.8).  The oxidation will spread in a hemispherical wave front 
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through the Ca just at is did through the polymer.  Once the hemisphere has moved to through 
the calcium thickness the oxidation will expand in as a cylinder centered on the defect.  As 
oxidation progresses the edges of the cylinders will meet.  Depending on the distribution of 
defects, large conduction paths can become electrically isolated without oxidizing all of the Ca 
metal in the electrical path.  Such situations result in a sharp decrease in conductance resulting 
from the restricted percolation path rather than true Ca oxidation.  This makes difficult to 
accurately determine a WVTR using the standard interpretation of Ca test conductance curves.   
If the barrier is facing the atmosphere this could take days depending on the defect size 
and separation.  With the barriers facing the Ca sensor, polymer saturation should happen 
within a day or two depending on experimental conditions and polymer substrate.  Water 
absorption by the polymer may lead to barrier disruption if the polymer expands. 
The assumption of water being the major oxidant is made because limited results have 
shown that the oxidation of the Ca varies greatly with temperature and humidity content.  This 
has led many to believe that water is the predominant penetrant.  This may simply be that the 
activation energy need for oxygen to react with a Ca surface is higher than H2O.  No apparatus 
has yet been built that can separate OTR and WVTR for barrier films.  We did not perform these 
experiments, but our apparatus could be easily adapted to.  For the purposes of our work we 
will be report the apparent WVTR for barrier films. 
Experimental 
After the lessons learned from depositing Al2O3 ALD barriers on Ca we decided to use a 
different tactic.  We have developed a conductance Ca test apparatus that does not use an 
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epoxy adhesive to seal the polymer substrate to the Ca test pad.  Instead of an epoxy, a 
differential seal is used to attach the polymer substrate and isolate the internal volume of the 
Ca test apparatus from the outside.  The main idea was to separate the Ca pad from the barrier 
sample and to handle the barrier edge sealing separately from the Ca sensor attachment.  The 
apparatus went through much iteration in order to obtain a final design that would reach the 
necessary baseline WVTR.  Only the final design will be described here.  The apparatus consists 
of six pieces, most of which are custom made.  These pieces are: 
1. Base Plate and Sensor Holder 
2. Electrical Ring (E-Ring) 
3. Adapter Plate 
4. Sample Cover 
5. Shroud 
6. Ca Sensor 
 
Base Plate and Sensor Holder 
The base plate is made from a standard 4-1/2” CF viewport. It is fitted with a custom 
designed holder for the Ca sensor.  The combination of viewport and sensor holder maintains 
the sensors electrical contact and allows it to be visually monitored if desired with a USB 
microscope.  The first material chosen for the interior sensor holder was originally polyether 
ether ketone (PEEK).  PEEK was chosen because it is electrically insulating, easily machined and 
can sustain high temperatures.  While the material is a polymer and capable of absorbing water 
we believed that the surface-gas equilibrium would be must faster than water absorption into 
the bulk.   With the Ca metal acting as a getter pump for the interior volume this seemed likely.  
To reach a steady state measurement the interior surfaces must be in equilibrium with the 
interior volume.  However, when we began testing bare PEN samples we believed the lag times  
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Figure 3.1 Base Plate with Sensor Holder (Top View) 
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to be abnormally long.  We tested whether or not the lag time would change if the sensor 
holders were reused with or without baking between each test.  We found that the lag time did 
markedly decrease if the sensor holders were not baked and was reversible upon baking.  As a 
result we had the sensor holder remanufactured the out of stainless steel to remove this water 
reservoir.  This required some slight modifications to the design as well as the addition of 
contact insulators.  The contact insulators were made from Macor®, a non-porous machinable 
ceramic that does not absorb water.  The insulators allowed the fixing of the contacts against 
the sensor without shorting to the apparatus body.  This change added complexity but it 
significantly reduced the lag time for the apparatus.  Bases are baked for at least 24 hours at 
120 °C under 1 torr of Ar or N2 prior to each use to ensure consistent results. 
Electrical Ring 
The electrical ring is made from a double sided 4-1/2” CF flange that has been modified 
with copper electrical feedthroughs.  Special copper contacts are permanently connected to the 
interior of the feedthroughs.  The contacts had to be shaped so that firm contact could be made 
without the risk of breaking sensors during assembly.  The sensitivity of the instrument to small 
fluctuations in resistance requires some special steps in assembly.  If these steps are ignored 
the measurement will have significant noise.  Thermocouple joints must be absolutely avoided 
therefore solder connections cannot be used.  The copper contacts are manufactured with a 
press fit pin to attach a copper mesh.  The mesh gives the contacts some flexibility to ease 
assembly of the apparatus.  The mesh is attached to a feedthrough using custom crimp 
connectors.  The same connectors are used on the exterior to connect the feedthroughs and 
shield twisted pair wire.  The shield is connected to the grounded faraday cage surrounding the  
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Figure 3.2 Electrical Ring (Top View) 
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Keithley instrument during an experiment.  Exposure of the exterior feedthrough wire to the 
salt water environment during initial testing caused stray voltages to appear.  Most likely this 
was due to the “tinned” twisted pair.  Salt water forming a multilayer on the surface most likely 
created a galvanic cell.  Stray voltages were also seen, to a lesser extent, in the ESPEC 
environmental chamber.  Hermetic sealing is required to prevent a galvanic cell condition.  The 
twisted pair wire also needs support to prevent a short developing by repeated flexion during 
handling.  Initially, sealing and support were provided using Epoxy Technology 353ND epoxy 
with a fiberglass skeleton. This was found to be functional but somewhat fragile.  Our final 
apparatus uses two HDPE “wings” that provide support for the wire leads and a form for the 
epoxy encasement.    The leads terminate in gold plated dual banana plugs that can be plugged 
into the Keithley meter.   
Adapter Plate 
The adapter plate is designed with two concentric seal regions and bolt patterns for the 
sample cover, shroud and electrical ring.  The depth of the seal faces are carefully machined to 
prevent over tightening of the sample cover but give a good seal.  If the sample cover is over 
tightened the barrier sample will be deformed and most likely damaged. Assembly will be 
discussed later.  The inner O-ring seal holds the barrier sample while the outer seal forms a 
differential pumping region.  The inner seals are designed to minimize mechanical strain on the 
barrier sample by sandwiching it between two identical seals.  Depending on the 
barrier/substrate system even a relatively small mechanical strain could result in failure.  By 
avoiding strain the apparatus can test fragile barriers.  The seals can separate from the sample 
without causing damage; samples can then be retested to minimize experimental error.   
71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Adapter Plate (Top View) 
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Dismantling outside of the glove box is necessary to reuse samples.  Insertion into the glove box 
means pump-purge cycles; this will flex and most likely break any barrier.  Exposure to the 
atmosphere of the interior volume would require a bake out before the apparatus can be 
reused.  With only a few test setups available we did not use this ability of the apparatus.  The 
outer O-ring seal is twice the thickness of a single inner seal which balances the force when the 
sample cover is applied.  The seals must be baked for at least 72 hours before they can be used 
to remove absorbed water.  Two ports mounted 180 degrees provide access to the pumping 
region between the seals.  Pumping and metered N2 lines are attached to these ports.  The zone 
is purged with a constant filtered flow of N2 from a liquid nitrogen tank for the duration of the 
test. The N2 pressure within the interstitial zone is kept between 1-2 torr. 
Sample Cover 
The sample cover is the mirror image of the adapter plate with a center bore to allow 
atmosphere access to the sample.  A second sample cover, without a bore, is used as a control 
lid to determine the leak rate through the edge seal.  When the cover is bolted on the bolts are 
tightened in an “every third bolt” pattern.  They are first tightened to a low torque to align and 
balance the seals.  Next they are incrementally tightened to 8 in-lbs of torque to uniformly hold 
the sample. 
Shroud 
The shroud seals around the sample cover and to the top adapter plate face with a 
space for N2 to flow. It has inlet and outlet ports mounted 180 degrees apart.   A metered N2 
line is attached to the inlet via a shutoff valve; the second is left open to the humidity chamber 
as an outlet.  The interior of the shroud is flushed with a high flow of dry N2 above atmospheric  
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Figure 3.5 Shroud (Bottom View) 
Figure 3.4 Sample Cover (Bottom View) 
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pressure for the duration of the test. This limits the partial pressure of the H2O/O2 challenge to 
the edge of the seals. 
Ca Sensor 
The Ca sensor is made by starting with a 3” x 1” glass slide.  The slides are base bathed 
to remove any oils.  After removal from the bath they are washed with water, acetone and 
methanol.  They are left in a methanol bath and placed under a HEPA particle hood.  Once 
under the hood they are blown dry with filtered N2.  Double sided tape is used to attach 
stainless steel masks to the glass slides.  The masks cover a 0.5” strip down the center of the 
glass slide, leaving a 0.25” section on either side to be coated with Chromium (Cr) metal.  
Double sided tape is then used to attach multiple masked slides to a sample platter.  The slides 
are placed inside the PVD chamber and pumped down.  Chromium metal is deposited using 400 
watts with 15 mtorr partial pressure of Ar for 20 minutes (Table 1.1).  This gives a contact 
thickness of approximately 540 nm.  Once deposition is complete the slides are removed and 
unmasked.  They are visually inspected for contact uniformity; any slides with defects are 
discarded.  The coated slides are washed with acetone and methanol to remove adhesive 
residue.  After being blown dry they are cut into three 1”x 1” squares.  The newly made sensor 
substrates are put into the glove box for the next steps.  Immediately prior to each test run a 
sensor substrate is placed onto a custom PVD sample platter and masked.  The mask leaves a 
0.75” by 0.5” area for Ca deposition.  Care must be taken to ensure that the correct substrate 
side is exposed.  The platter is inserted into the PVD chamber via the transfer arm and gate 
valve.  Calcium pads were deposited using the conditions listed in Table 1.1; Ca deposition time 
was typically 10 minutes.  The sensors were then returned into the N2 glove box. From there  
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Figure 3.6 Diagram of Ca sensor 
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the sensors were assembled into the Calcium test apparatus.  Calcium sensor substrates can be 
re-used after being rinsed in a dilute H2SO4 solution and cleaned using the initial procedure.  
This reduces the cost of maintaining the apparatus.  Before reuse the contacts should be 
inspected for scratches.  Good even contacts are very important for preventing noise in the 
conductivity. 
Assembly 
Once the Ca sensor has been deposited and returned to the glove box it is placed in the 
Sensor Holder/Base plate.  The E-ring is stacked on the base and the electrical contacts are fixed 
in place.  The Adapter plate is stacked on next and the three are bolted together using conflat 
seals and standard bolts.  Rubber O-rings are laid in the grooves of the Adapter plate with a 
minute amount of vacuum grease.  The barrier sample is aligned on the interior O-rings and the 
Sample Cover is bolted down over it.  Proper torque was reached by using a torque screwdriver 
and tightening in sequential steps to the target torque.  Over tightening of the bolts will cause 
sample deformation which could result in barrier failure.  Depending on the type of experiment 
desired, the correct Sample Cover is chosen.  For baseline measurements the solid cover is 
used.  For a barrier sample the bored sample cover (Figure 3.4) is used.  The Shroud is then 
bolted in place around Sample Cover.  Assembly can be completed in as little as 45 min after 
the Ca has been deposited.  
Once assembled as shown in Figure 3.7, the apparatus was placed in the environmental 
chamber described earlier.  The connections are made to the Keithley multimeter and faraday 
cage around the meter; data recording is started.  It was found to be best practice to give the 
apparatus time to reach temperature equilibrium.  This was done by setting the initial  
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Figure 3.7 Fully Assembled Ca Test Apparatus 
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conditions within the chamber at 70 °C and 25% humidity for one hour. Maintaining a low 
humidity for one hour prevents condensation on the apparatus.  If this step is skipped water 
will condense along seal on the sample of the surface.  After equilibrium is reached conditions 
can be set to any desired temperature and humidity. 
 Our new apparatus has advantages over previously experimental setups.  If it is 
necessary to separate the WVTR from the oxygen transmission rate (OTR) a special sample 
cover can be created with ports.  This would allow the experimenter to dope UHP N2 with a 
predetermined amount of O2 or H2O over the barrier sample.  A measurement conducted in 
this way would allow the separation of permeation rates.  Also, the seals are reusable for 
multiple tests.  This decreases the cost of using the apparatus as well as making it 
nondestructive. The same barrier sample to be tested repeatedly decreasing the number of 
samples needed to get meaningful results.  Multiple parallel apparatus’ can be easily tested 
simultaneously further increasing throughput. 
Results and Discussion 
This new apparatus can measure very low WVTR values.  However, obtaining low WVTR 
values requires that residual H2O is removed from the components and surface area in the Ca 
test apparatus.  The main source of residual H2O is the Viton differential seals.  Fortunately, H2O 
can be outgassed from the Viton by baking in vacuum for more than 72 hours.89  After removing 
the residual H2O, this apparatus has reached WVTR values of 3-5x10
-4 g/(m2*day) at elevated 
temperature with a metal lid.  Conductance values that yield an effective WVTR of 2.55x10-4 are 
shown in Figure 3.8.  This WVTR value is slightly lower than the baseline of the best  
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commercial instruments.  However, it has the potential for capabilities that the commercial 
instruments do not have, such as the measurement of OTRs and WVTRs independently. 
Other virtues of this new Ca test apparatus are that the Ca film can be replaced without 
destroying the barrier sample.  Retesting the same barrier with different Ca films can narrow 
the experimental uncertainty in the WVTR measurement. The WVTR values from the uncoated 
polymers appear to show a large lag time resulting from H2O equilibration in the polymer 
substrate prior to transmission into the Ca test apparatus.  The effect of H2O percen RH on this 
lag time is significant.   It is important to properly measure this lag time before measuring 
barriers.  Otherwise, it is impossible to determine whether the WVTR measured is due to the 
barrier or polymer lag time if the test is only performed over a period of a few days. 
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Chapter 4 Polymer Substrate Effects 
Abstract 
 
Gas diffusion barriers on polymers with water vapor transmission rates (WVTRs) as low 
as <10-6 g/(m2*day) are required for organic electronic and thin film photovoltaic devices. 
Barrier materials are deposited on flexible polymer substrates and the WVTR of this composite 
system is measured. The effects of the polymer substrate must be characterized to understand 
the measured WVTRs.  The polymer substrate can affect many characteristics of the WVTR 
measurement.  The polymer can alter the lag time and also influence the water corrosion of the 
barrier.  In this study, heat stabilized poly(ethylene naphthalate) (PEN) was used as a model 
polymer substrate.  The Calcium Test using a resistance measurement was used to monitor the 
effect of water flux through the polymer as a function of temperature and relative humidity.  Ca 
sensor lifetimes are inversely proportional to the water vapor flux incident on the PEN polymer 
surface.  Ca sensor lifetimes showed little temperature dependence. The characteristic form of 
the Ca test conductance vs. time curves is examined. 
Introduction 
 
Atomic Layer Deposition (ALD) is very effective as a technique to deposit conformal, 
transparent, gas diffusion barriers.9, 13, 36 These barriers can protect organic electronic or thin 
film solar devices from degradation by water and oxygen.10, 90  Water vapor transmission rates 
(WVTRs) of <10-6 g/(m2*day) and oxygen transmission rates (OTRs) at STP of <10-5 cm3/m2/day 
are needed for organic based electronics to reach device lifetimes of 10,000 hrs.10  These 
requirements arise from the sensitivity of the low work function metals (e.g. Ca, Li, Mg) in these 
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devices.  ALD Al2O3 films on polymers are excellent barriers with WVTRs equal to, or better 
than, the sensitivity limit of the Ca test 36 ( ≥1 x10-4 g/(m2*day)).  
Measurements of WVTRs usually ignore the effect of the polymer substrate because the 
WVTR of the polymer is so large at ~1 g/(m2*day).  Any saturation behavior or lag times 
resulting from the polymer substrate are usually assumed to be negligible.  However, the 
polymer accounts for a significant fraction of the barrier/polymer system.  A typical Al2O3 ALD 
barrier is 0.025 µm.  A typical PEN polymer thickness is 50-200 µm (Figure 1.9).  In addition, the 
ALD barrier is usually deposited on only one side of the polymer.  As a result of this asymmetry, 
the ALD barrier can either face the incident H2O flux or face away from the incident H2O flux.  
Figure 1 shows a representative schematic of an Al2O3 ALD barrier on a PEN substrate.  The 
response to water exposure by the polymer can have multiple effects on a barrier.  Swelling 
could disrupt a barrier by applying tensile strain.  An accumulation of water at the interface 
may cause degradation or delamination of the barrier.    
Another parameter that is often ignored when measuring WVTRs using the Ca test is the 
time for the water flux to saturate the polymer.  This saturation time is required before H2O can 
diffuse through the polymer at a steady state.  This time will be included in the barrier’s 
measured lag time by the Ca test.  The saturation time will depend critically on whether the 
ALD barrier faces the incident H2O flux or faces away from the incident H2O flux.  If the water 
flux is meeting the barrier first the flux into the polymer will be greatly limited. This will 
increase the time it takes to fill any bulk reservoir sites in the polymer.  The total lag time is the 
sum of the time to saturate the polymer and reach steady state diffusion through the barrier.    
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 To understand the times required to saturate the polymer, Ca tests were performed for 
the PEN polymer without any ALD barrier.  Additional Ca tests were conducted at different 
temperatures under constant H2O flux to determine the activation barrier for H2O transport 
through the PEN polymer.  Further tests were carried out with unsaturated and saturated PEN 
to determine the effect of polymer uptake on Ca test performance.  After fully understanding 
the role of the PEN polymer, we can then return to the ALD barriers on the PEN polymers and 
extract meaningful WVTR values.  Detailed understanding of the polymer/barrier system should 
increase our ability to model such systems.   
Electrical Ca Test 
 
The Ca test for these studies was based on changes in the electrical conductance of a Ca 
film during oxidation.  The calcium test uses a thin, metallic, calcium layer as a sensor for water 
and oxygen permeation.9, 12, 13, 16  As oxygen or water permeate the barrier, they react with Ca 
to form calcium oxide [CaO] or calcium hydroxide [Ca(OH)2], both of which are electrically 
insulating.  Other groups have also employed an electrical conductance Ca test.34, 37, 91  In some 
electrical conductance Ca test research samples are prepared by depositing Ca metal on a 
polymer substrate.  Silver contacts were then added over the Ca metal and the sample was 
covered with a glass lid using an epoxy seal.  One major problem with this set-up is that the 
epoxy seal can lead to a high baseline WVTR.  Soft epoxies do not provide a sufficient barrier to 
water ingress.   
The conductance test assumes that uniform Ca oxidation occurs in a top-to-bottom 
fashion.34  Since barrier permeation is known to be defect-dominated, uniform Ca oxidation 
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may not be occurring if the Ca film is located close to the barrier.  In the case of pinhole defects 
in a barrier, the Ca film may be oxidizing in localized areas under the pinhole defects.  When 
water penetrates a defect it will begin to oxidize the Ca equally in all directions. A hemispherical 
oxidation zone will expand from the defect until it reaches the full thickness of the Ca metal. 
The zone will them begin to expand as a cylinder under the barrier (Figure 1.8).  Depending on 
the distribution of defects, large conduction paths can become electrically isolated without 
oxidizing all of the Ca metal in the electrical path.  Such situations result in a sharp decrease in 
conductance resulting from the restricted percolation path rather than true Ca oxidation.  This 
makes it impossible to determine a WVTR using the standard interpretation of Ca test 
conductance curves.   
Problems with the Ca Test  
 
There are some limitations of the optical implementation of the Ca test.  The largest 
limiting factor for the electrical Ca test is also the epoxy edge seal.  There are other problems 
with the Ca test using the conductance method.  The oxidized Ca could be either CaO or 
Ca(OH)2.  This variance is caused by the reaction sequence that Ca metal undergoes when 
exposed to water and oxygen.  If Ca metal is exposed to oxygen first, it will form CaO (ΔHf
o=-
635.09 kJ/mol).  If the CaO is sequentially exposed to H2O will with form Ca(OH)2 (ΔHf
o=-
986.09).  Since only the first change from metal to oxide (or hydroxide) causes a conductance 
change this means the two permeation rates cannot be separated.  The typical solution to this 
is that all oxidation is assumed to be due to water permeation and an “effective WVTR” is 
typically reported.  In addition, the gluing of the polymer to the Ca film on the glass substrate 
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using epoxy means that the polymer cannot be reused after the Ca test.  Consequently, many 
individual samples are required to obtain meaningful results.   
The conductance test assumes that uniform Ca oxidation occurs in a top-to-bottom 
fashion.34  Since barrier permeation is known to be defect-dominated, uniform Ca oxidation 
may not be occurring if the Ca film is located close to the barrier.14, 38, 39  This is the original 
configuration that has been widely used.  In the case of pinhole defects, the Ca film may be 
oxidizing in localized areas under the pinhole defects.  Depending on the distribution of defects, 
large conduction paths can become electrically isolated without oxidizing all of the Ca metal in 
the electrical path.  Such situations result in a sharp decrease in conductance resulting from the 
restricted percolation path rather than true Ca oxidation.  Oxidation via pinholes occurs in a 
hemispherical fashion. As long as the radius of the hemisphere is smaller than the thickness of 
the Ca film the electrical method provides a meaningful result.   
A second problem for the conductance method arises from the metal used to form the 
electrical contacts with the Ca metal.  Silver and gold are common choices for good electrical 
contacts that will not corrode.  Unfortunately, both of these metals form crystalline alloys with 
Ca at temperatures where the permeation tests are conducted.40, 41  There are multiple alloy 
phases that can form, all of which have exothermic enthalpies of formation ranging from -41 to 
-106 KJ/mol.42  These alloys are typically studied at elevated temperatures. However, recent 
results have shown that annealing at low temperature (270 °C) for as little as 15 minutes can 
affect Au-Ca alloy structure.43  This alloy formation leads to changes in the conductance 
measurement that cannot be accounted for and increases the uncertainty in the 
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measurements.  Other metals besides silver and gold must be employed to avoid this difficulty.  
After noticing this problem with gold contacts we determined that Cr metal made an 
appropriate electrical contact. 
Experimental  
We used the equation originally published by Paetzold in 2003 with some of our own 
modifications.  
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In Eq. 4.1, P = Permeation Rate (g/(m2*day)); n = stoichiometric coefficient; M(Ca) = Molar 
mass of Ca; M(reagent) = Molar mass of H2O or O2;  δ = density of Ca; ρ = resistivity of Ca; l = 
separation of contacts; b = width of Ca pad; 1/R = Conductance (mho). We added two factors to 
the equation they are: the total area of Ca, including that on the electrodes, ACa and the area of 
the barrier being measured, Ab. Our additions were necessary to take into account the 
difference between the barrier and C areas. In Paetzold’s original test the Ca was deposited and 
the barrier directly so the areas were identical. 
This model makes a few critical assumptions.  First, that Ca corrosion is uniform in one 
dimension, perpendicular to the barrier.  Secondly, that all corrosion is due to either water or 
oxygen.  Third, the film is uniform in density and resistivity.  The fourth and final assumption is 
that the area of the Ca pad and the area of the barrier are equal.  
If we examine these assumptions we find a few problems.  At first it seems reasonable 
that, if the barrier is pinhole free, oxidants permeating the barrier will uniformly diffuse.  
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Barrier permeation is known to be defect-dominated.14, 33  If the barrier is oriented toward the 
humid atmosphere the following happens.  The oxidant permeates a pinhole and enters the 
polymer; the concentration of water expands in all directions equally.  This forms a 
hemispherical wave that diffuses through the polymer (Figure 1.7).  If the separation between 
the defects is less than the polymer thickness the hemispheres will join. Once the hemispheres 
join, a uniform wave front of water is formed.  When this wave front reaches the Ca we would 
expect it to also oxidize uniformly.   For this to happen all of the defects must have a separation 
less than the thickness.  The model doesn’t hold true when barrier defects act as point sources.  
If the defects have very large separations the hemispheres will reach the Ca at individual points.  
The Ca will begin to oxidize at a point.  If the Ca is directly deposited on the barrier this effect is 
even more pronounced.  Without the intervening polymer layer the Ca will oxidize and more 
tightly localized points (Figure 1.8). The oxidation will spread in a hemispherical wave front 
through the Ca just at is did through the polymer.  Once the hemisphere has moved to through 
the calcium thickness the oxidation will expand in as a cylinder centered on the defect.  As 
oxidation progresses the edges of the cylinders will meet.  Depending on the distribution of 
defects, large conduction paths can become electrically isolated without oxidizing all of the Ca 
metal in the electrical path.  Such situations result in a sharp decrease in conductance resulting 
from the restricted percolation path rather than true Ca oxidation.  This makes it impossible to 
determine a WVTR using the standard interpretation of Ca test conductance curves.   
If the barrier is facing the atmosphere this could take days depending on the defect size 
and separation.  With the barriers facing the Ca sensor, polymer saturation should happen 
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within a day or two depending on experimental conditions and polymer substrate.  Water 
absorption by the polymer may lead to barrier disruption if the polymer expands. 
The assumption of water being the major oxidant is made because limited results have 
shown that the oxidation of the Ca varies greatly with temperature and humidity content.  This 
has led many to believe that water is the predominant penetrant.  This may simply be that the 
activation energy need for oxygen to react with a Ca surface is higher than H2O.  No apparatus 
has yet been built that can separate OTR and WVTR for barrier films.  We did not perform these 
experiments, but our apparatus could be easily adapted to.  For the purposes of our work we 
will be report the apparent WVTR for barrier films. 
New Ca Test Apparatus 
 
We have developed a conductance Ca test apparatus that does not use an epoxy 
adhesive to seal the polymer substrate to the Ca test pad.  Instead of an epoxy, a differential 
seal is used to attach the polymer substrate and isolate the internal volume of the Ca test 
apparatus from the outside.  This differential seal prevents H2O ingress and allows the samples 
to be removed after the Ca test; overcoming two of the issues with previous Ca tests.   The 
advantage of our apparatus is the separation of the Ca sensor from the polymer.  With a sensor 
placed in direct contact with the polymer the oxidation will be more localized near the defects 
in the barrier.  In our system, the gas volume above the Ca sensor allows water permeating the 
barrier an equal probability to impact the entire Ca surface.  This should result in oxidation 
closer to the uniform oxidation model used by Paetzold.  Ideally this should result in a more 
accurate WVTR calculation from the conductance slope. 
89 
 
We utilized a 4-wire resistance measurement to increase accuracy.  Using 4-wire 
resistance removes the lead resistance from the circuit. This will cancel minor differences in 
lead length and crimped connections.  The electrical conductance of the Ca film is monitored 
with a Keithley 2700/7700 mainframe and multiplexer combination inside a grounded faraday 
cage.  To further reduce electrical noise the meter and computer were powered via a line 
power conditioner.  This instrumentation allows us to run multiple samples in parallel through 
the entire experiment.  Running multiple tests in parallel helps the user detect problem 
samples.  It also decreases the time need to obtain meaningful experimental comparisons.  The 
environmental chamber used was an ESPEC BTL-400.  The chamber utilizes a Watlow F4 
controller that was linked to LabView using an RS-232 (Modbus-RTU) connection. A custom 
LabView program was used to record the sample conductance five times at one minute 
intervals for each sample.  The measurements were then averaged to attenuate any electrical 
noise present in the signal.  The same program recorded the temperature and humidity 
reported by the Watlow controller at the same interval.  As long as the controller is powered 
the temperature and humidity are recorded.  This is helpful if the humidity chamber were to 
enter a “fault” condition and stop maintaining the internal environment. 
Calcium sensors were fabricated on microscope glass slides. The slides were immersed 
in acetone and sonicated for 15min twice.  Next they were washed with, and immersed in, 
methanol and sonicated for 15 min.  While still submerged in methanol they were placed in a 
class 100 particle hood.  They were removed from methanol, blow dried with filtered N2 and 
masked. The masked slides were attached to a sample platter for placement into a PVD 
chamber.  Chromium metal was sputtered with RF-Magnetron sputtering onto the masked 
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slides. The sputtering rate was approximately 4.5 Å/s, determined with ex-situ FIB/SEM 
measurements. Final Cr thickness was approximately 540 nm.   The slides were cut into 1”x 1” 
squares.  They were cleaned a second time and placed into our glove box.  Immediately prior to 
Ca test assembly, this Cr and glass sensor substrate was transferred to the PVD chamber using 
the attached transfer arm.  It was attached to a motorized spindle within the chamber.  Once 
the chamber was at base pressure the sensor substrate was shield and a 1 minute sputter was 
used to remove any CaO from the Ca target surface.  The shield was removed and the Ca sensor 
film was sputtered onto the Cr/glass sensor substrate.  The completed sensor was returned to 
the glove box for immediate assembly into the test apparatus. 
Polymer samples were created using a custom die to cut circles from a sheet of Teonex 
Q65F from Teijin DuPont Films.  The polymer sheet was stored in the water/oxygen-free glove 
box.  A portion was removed from the glove box and a large number samples were cut and 
stored for use when needed. The polymer samples are immediately returned to the glove box 
and stored until needed. 
Results and Discussion 
The conductance through the Ca sensor film decreases with time as the Ca film is 
oxidized by O2 or H2O.  As with studies performed by other groups, all Ca oxidation will be 
assumed to be due to water.   Conductance curves for uncoated PEN polymers show a large 
“lag” time.  This usually believed to result from the time it takes for H2O to saturate the 
polymer substrate and barrier prior to H2O transmission into the Ca test apparatus.  Results at 
70 °C and 40% RH are shown in Figure 4.1.  To ease discussion we will define terms for the 
different parts of the typical conductance versus time curve.  The “lag region” starts at the  
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Figure 4.1 Bare PEN 70 C / 40% RH 
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beginning of the test and goes until the “knee”. After the knee, the rapid fall off of the 
conductance is the “fall off region”. The point at which the conductance reaches zero is the 
“end point”.  From t = 0 to the end point (conductance <10-5) is the “sensor lifetime”.  It is 
important to note that regardless of the liftime of the sensor the conductance curve always has the 
same characteristic shape.  The only change between curves collected under varying conditions and 
sample types is the length of the “lag” time. 
For the example in Figure 4.1, the conductance initially is nearly constant for the first ~12 
hours and then drops suddenly after ~16 hours.  The currently accepted interpretation is that 
~16 hours is needed for H2O to saturate the PEN polymer prior to H2O transport through the 
PEN polymer.  H2O transport through the polymer may not be possible until H2O has “titrated” 
all the reservoir states.  The steady state slope of the conductance after ~16 hours could then 
be used to determine a WVTR.   
Conductance measurements were performed to determine the sensor lifetime as a 
function of relative humidity at 70 °C.  These experiments were performed for bare PEN 
polymer substrates with no ALD barrier.  The results are shown in Figure 3.  The effect of H2O % 
RH on the Ca film lifetime is significant.  A sensor lifetime change of 20 hours can be observed 
when the RH is changed from 25% to 80%.   
Figure 4.3 shows that the Ca film lifetime is shorter for the higher H2O vapor pressures at 
70 °C.  This dependence is consistent with a simple mechanism where each H2O collision with 
the PEN polymer has a certain probability of transporting H2O into the polymer.  The assumed 
mechanism is a multi-step process.  Once the water impacts the surface is must diffuse into the  
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Figure 4.2 Ca Film Lifetime vs. 1/Flux 
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Figure 4.3 Conductance vs. Time for Bare PEN with Changing Flux 
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polymer bulk.  Most polymers are expected to have some absorption capacity.  After the PEN 
polymer is saturated with H2O, it can diffuse through and evaporate from the other side of the 
polymer, enter the Ca test apparatus, and oxidize the Ca film.  To test this idea, the percent RH 
values at 70 °C were converted to an incident H2O flux.  The Ca film lifetime should be inversely 
proportional to the H2O flux incident on the polymer.  Figure 4.2 shows the relationship between 
the Ca film lifetime and the inverse of the H2O flux.  There is a linear dependence that is 
consistent with the simple mechanism.  This implies that there is a simple sticking coefficient 
for water on Q65F polymer and is not dependent on surface coverage. It also implies that once 
a water molecule is adsorbed it has a constant probability to diffuse into the polymer for a 
given temperature. 
The next step was to examine the temperature dependence of the Ca film lifetime at 
constant H2O flux.  These measurements gave an insight into the H2O absorption characteristics 
of the PEN polymer at different temperatures.  They also gave the activation energy for H2O 
transport through the PEN polymer.  The activation energy was needed to relate accelerated 
tests results to normal conditions.  A constant flux of 2.9 x1022 molecules/ cm2/s was 
maintained by changing temperature and humidity within an environmental chamber.  With a 
chosen flux, the temperature and humidity conditions were calculated using     √     ⁄ .  
The temperature changes have a small effect on the desorption rate of water molecules in a 
secondary monolayer.    This desorption rate is governed by -     
     ⁄  , where    = 4 
x1015 ML/s.92 The sensor lifetime decreased with increasing temperature at fixed flux (Figure 
4.4).  The data can be easily fit with an exponential decay equation:      
    ⁄ .  Creating an 
Arrhenius plot of the data allowed determination of the permeation energy of the PEN.   
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Figure 4.5 ln(1/Sensor Lifetime) vs. 1/Temperature 
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Figure 4.4 Sensor Lifetime vs. Temperature at Constant Flux 
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Normally this would require plotting ln(WVTR) vs. 1/T. However, since it was not possible to 
determine an accurate WVTR, another approach was used.  Water vapor transmission rates are 
proportional to 1/lifetime. Thus, by plotting ln(1/lifetime) vs. 1/T we can determine a 
permeation energy. The permeation energy measured in this work is 12.4 kJ/mol (Figure 4.5).  
This is given as an upper limit and is congruent with values reported for other polymers.93-95 
 An important factor in using polymer substrates is their ability to absorb water.  The 
amount of water that the polymer can absorb will change the observed lag time for a barrier.  
This may extend the lag time beyond the test duration; particularly when using short, 
accelerated tests under harsh conditions.  Changes in the polymer structure due to water 
content (such as swelling) may also adversely affect barrier coatings in unforeseen ways. 
We applied a simple mental model to the process of water diffusion through a polymer 
with a reservoir (Figure 4.6).  When a water molecule adsorbs onto a polymer surface (and 
doesn’t immediately evaporate) it will have some residence time where it may migrate.  There 
is a potential for it to gain enough energy to either evaporate or penetrate the polymer.  We 
are interested in the penetration case.  If the polymer contains reservoir sites the water will 
have some equilibrium between being bound the sites and diffusing through the bulk polymer.  
When the amount of water is much less than the number of sites the water will have a higher 
probability to move from site to site and remain localized.  Once the sites have been saturated 
incoming water will result in molecules being forced out. Some of them will move to the sensor 
side of the polymer where they can evaporate.  Once they have evaporated they are free to 
diffuse to the sensor and react, causing a change in conductance. 
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Figure 4.6 Water Permeation Through Saturated and Dry Polymers 
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 To explore the reservoir effect of the PEN polymer, both dry and water-saturated PEN 
substrates were tested.  The sensor lifetimes were recorded against changes in flux at 70 °C.  
The relative humidity was varied from 25% to 80% which were the upper and lower limits of the 
humidity chamber.  This allowed us to test the dry and saturated PEN substrates between 
“normal” and “harsh” conditions.  There was no observable difference between using a dry or 
saturated polymer substrate (Figure 4.7).  This implies that there is little to no reservoir with the 
PEN polymer being used.  
 This result is contrary to the typical interpretation of the “lag” region observed in an 
electrical Ca test.  If there is no reservoir present, then the question becomes: what causes this 
delay in conductance change?  We devised a way to test the response of the electrical Ca test 
without measuring changes due to the polymer.  We simply removed the polymer from the test 
apparatus and measured the conductance as usual. The Ca sensor was exposed to our 
environmental chamber with no polymer or barrier.  The test was conducted at 70 °C and 25% 
relative humidity.  The low humidity was chosen to extend the life of the Ca metal for as long as 
possible.  We encountered an unusual response, shown in Figure 4.8.  This experiment was 
conducted multiple times, each iteration showed the same response. 
The conductance shows the same behavior whether there is no polymer, a bare 
polymer, or a barrier on a polymer. It is just the “lag” time that increases.  The sensor lifetime 
measured when no polymer or barrier was present was approximately 9 minutes (Figure 4.8).  
However, the first six minutes showed very little change in conductance.  This shows that Ca  
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Figure 4.8 Conductance vs. Time for Ca Film Exposed to Atmosphere 
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metal conductance does not respond linearly to oxidation as was previously assumed.  If Ca 
metal thin films showed a linear change in conductance with oxidation we would expect a 
straight line.  The conductance should show a straight line from initial conductance at t = 0 to 
zero conductance at the endpoint.   Without a linear response, one cannot calculate an 
accurate WVTR from the slope of the graph at any given point with certainty. 
Conclusions 
The polymer substrate can influence the measurement of the WVTR for a gas diffusion 
barrier on a polymer.  The effects of the polymer substrate have been measured by 
determining the C a film lifetime during the conductance Ca test.  Ca sensor lifetime is inversely 
proportional to incident water flux on the polymer surface.  This dependence is expected if 
each H2O collision with the polymer surface has a constant probability of being transported into 
the polymer.  Water permeation showed little temperature dependence at constant incident 
H2O flux. Permeation energy of 12.4 kJ/mol was measured for PEN. Ca tests performed with the 
sensor open to the humidity chamber environment showed a non-linear response to oxidation.  
This calls into question the accuracy of WVTRs obtained using the electrical Ca test.  More 
studies are needed to establish how the conductance of Ca metal thin films changes with 
thickness and oxidation. 
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Chapter 5  Mechanical Testing of ALD ZnO 
Abstract 
There is great interest in creating thin, flexible electronics based on organic molecules. 
Flexible thin film devices require materials that can withstand repeated stress and strain 
loading while maintaining electrical perfromance.  Measuring the critical strain of ultrathin ALD 
films is difficult with currently available methods. We have successfully measured the critical 
strain of a range of thicknesses of ALD ZnO films using both 4-point probe and CLSM methods. 
Both methods showed limitations for thinner films (<40nm) and cannot be used to reliably 
measure films below that threshold.  The critical strain of 22nm-132nm ALD ZnO on 
200micrometer PEN was determined to be between 1.1% and 0.65%. This strain is too low for 
flexible barrier applications which require 3-5% critical strain. We have shown that thin 
(<100nm) ALD ZnO films are not flexible enough for flexible conducting oxide/barrier 
applications.  We have also shown that ALD ZnO films seem to follow current fracture models 
which predict that crack density decreases as film thickness increases. 
 
Introduction 
There is great interest in creating thin, flexible electronics based on organic molecules.  
This is made possible by creating the devices on a polymer substrate. For flexible electronics 
both good flexible water and oxygen gas barriers and flexible transparent conducting oxides are 
required. A typical polymer  has a water vapor transmission rate (WVTR) on the order of 0.1-10 
g/(m2*day).15  The transmission of such a large quantity of water vapor through the polymer 
into the organic electronics results in failure of the device. Atomic layer deposition (ALD) 
provides an effective solution to this problem since ALD is capable of coating water vapor 
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barriers onto devices of any geometry with a conformal film of precisely controlled thickness. 
Aluminum oxide (Al2O3) ALD films of ≥12nm have been shown as diffusion barriers with a WVTR 
(~10-4 g/(m2*day)) that is much lower than just the polymer and may be low enough to protect 
some water-sensitive devices.9, 11, 13  However, in order to make flexible organic electronics a 
reality, flexible diffusion barriers are not the only advancement that is needed.  It is also 
necessary to create a flexible electrode capable of withstanding day-to-day use while 
maintaining steady electrical characteristics.  ALD might also provide a solution to this problem 
as nanometer thin films are more flexible than thicker films.  Indium tin oxide (ITO) is the most 
widely used transparent conducting oxide (TCO) because of its favorable electrical 
characteristics and high transparency in the visible range.96, 4 The main disadvantage of ITO is its 
high cost due to the rarity of indium. Also, indium migrates in devices from the ITO electrode to 
the organic film which can decrease device efficiency. It is therefore of great interest to find a 
cheaper alternative TCOs that is also flexible.96-98  
When a material is flexed, the surface farthest from the center of curvature is put into 
tensile strain and the inner surface undergoes compressive strain (Figure 1.3 and Figure 1.2).27 
This results in the formation of a neutral plane within the material which sees no strain. If the 
material is uniform, i.e. an uncoated polymer, the neutral plane exists in the center of the 
material. As coatings are added, the neutral plane shifts towards the face where the coating 
was applied.  ALD coatings are typically three orders of magnitude thinner than the polymer 
substrate (or device) and the neutral plane remains relatively unchanged.  Linear tensile strain 
is described by 
  
 
 , where L is the original sample length.  In a bent polymer a gradient that  
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Figure 5.1 Instron Polymer Flexion Adaptor 
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exists as shown in Figure 1b.  The strain is obtained through   
 
  
 , where y is the distance 
from the neutral plane and R is the radius of curvature.12  The strain at the surface of the 
substrate is taken to be the strain through the ALD coating since any gradient that exists within 
the coating would be negligible.  This relationship gives the strain applied to an ALD film,  
 
  
 , 
where T is the thickness of the substrate. 
As a coated sample is bent, the strain continues to increase until such point that the 
coating will fracture.  The strain at which this occurs is known as the critical strain (εc) and is 
usually believed to be proportional to the reciprocal square root of the film thickness.30  Initial 
cracks will lengthen and additional fractures will occur if the increase in strain continues until 
the number of fractures reaches saturation.28  The failure mechanism for thin brittle layers is 
different from that of bulk materials.  In bulk materials, a crack, once initiated, will propagate 
the full width across the material. For thin films, cracks initiate at point defects and propagate 
to a finite length for a given strain.  As strain increases, the crack length will increase 
proportionally until either the maximum stable crack length (   ) or critical crack propagation 
strain (  ) is reached.  Once one of these conditions is met the crack will propagate to the full 
width of the film.29   
We designed a mechanical adaptor for an Instron Universal Testing Machine (Model 
5565) that flexes the polymer samples in a controlled manner (Figure 5.1).  The Instron testing 
machine uses a linear actuator to close the distance between the adaptors causing curvature of 
the film.  Depending on the physical orientation of the film when placed in the adaptors, the 
ALD coating can be placed under tensile or compressive strain and flexed repeatedly to a 
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specified radius of curvature that corresponds to the desired applied strain.   The method also 
has great sensitivity due to the instrument’s translational resolution of 50µm.   
Zinc oxide (ZnO) ALD is known to be polycrystalline99. The small cracks that form around 
defects in coatings at very low strains29 would not necessarily lead to an increase in resistance if 
present in a conductive film but do provide nuclei for larger cracks to begin once the film is 
strained.  Previous research has used ALD to create ZnO/Al2O3 alloy films that showed changes 
in the conductivity possibly due to influence on the crystal structure of the ZnO.99, 100  Doping of 
ZnO films with other metals, such as aluminum, leads to a decrease in their crystallinity.  If ZnO 
alloys are to replace ITO as the anode of choice for flexible organic electronics, we need to 
understand their performance under strain. 
In order to explore these properties of a thin film it is necessary to have a sensitive 
technique to monitor changes in the film’s behavior.  The cracks that occur in film may, initially, 
be very small in comparison to the film thickness.  To determine an accurate measurement of 
the critical strain, we must be able to detect these minute changes as soon as they occur during 
testing.  Depending on the properties of the film, i.e. conductivity, there are few methods that 
can be used.  Cracking in thin Indium tin oxide (ITO) films has been studied with sensitive 
resistance measurements. We applied a similar method to explore cracking of ALD ZnO films 
which exhibit similar electrical properties to ITO. 
Experimental  
Critical tensile strains of ALD ZnO films were determined through two different 
methods. The initial work used a 4-point probe measurement to see resistance changes due to 
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cracking whilst the second method used Confocal Microscopy (CM) to image and measure the 
cracking of the ZnO films optically. 
Four Point Probe 
Polymer substrates, 1” x 3”, were cut from 75µm Kapton® (DuPont) or 200µm PEN 
(Teijin Films).  The choice of substrate was based on the strain the films were to be bent to as 
PEN can withstand higher strains but Kapton afforded higher strain resolution at lower range of 
applied strains.  The substrates were rinsed with DI water, methanol and blow dried with UHP 
Nitrogen under a class 100 particle hood.  They were then attached to 1”x3” clean glass slides 
at each end with 3M™ High Temperature Aluminum Foil Tape 433.  Twelve samples were loaded 
into a viscous flow ALD reactor for each thickness. 
Confocal Microscopy 
Polymer substrates, 4cm by 1cm, (200µm thick PEN, Teijin Films) were rinsed with DI 
water, then 100% ethanol and dried using UHP Nitrogen.  Resulting substrates were attached to 
a 4” by 4” clean glass slide at each end by 3M™ High Temperature Aluminum Foil Tape 433, 8 
PEN strips to one glass slide. Up to 3 glass slides (24 samples) were loaded in the ALD reactor 
for each thickness. 
ZnO Deposition 
All ALD depositions were performed using a viscous flow ALD reactor (described 
elsewhere) at 120 °C.9  A seed layer of 50 cycles of ALD Al2O3 using TMA (Sigma-Aldrich) and 
water (Fisher HPLC-grade) was grown on the polymer.  The seed layer was used to ensure 
consistent nucleation of ZnO across the polymer.   The ZnO deposition began immediately after 
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the Al2O3 deposition was complete without exposure to atmosphere.   Different thicknesses of 
ALD ZnO were deposited using DEZ (Sigma-Aldrich) and water (Fisher HPLC-grade). 
Strain Application 
All samples were repeatedly bent (10 times) to the desired strains using an Instron 
Universal Testing Machine, Model 5565 (Figure 5.2).  Plate separation was measured manually 
on every cycle using Mitutoyo Absolute Digimatic calipers. Strains were calculated using the 
approximation that the film bend follows half the circumference of a circle of radius r where 2r 
= plate separation. The variation in measured plate separation yielded error bars of +/- one 
standard deviation. 
For the 4-point probe portion of the study, a series of 3 samples were selected from each 
thickness batch.  They were selected based on the consistency of the initial resistivity measured 
over the entire film.  Samples that showed large variations were not used.   This was done so 
that apparent resistivity changes in the film could be attributed to applied strains and not 
coating variations.  Since the 4-point probe is a non-destructive and non-contaminating 
method, the samples were bent and then measured before the next, slightly higher, strain was 
applied.  By doing this we were able to consecutively bend the samples through the strain 
series.  The nature of the Confocal Microscopy (CM) method did not allow this sequential 
straining of one given sample. 
After the CM samples had been bent to the desired strain they were carefully transferred to 1” 
by 3” glass slides (2 samples to a slide) and were fixed in place using clear nail varnish. Samples 
were then imaged using confocal microscopy.  Images were collected using Zeiss’s Zen software  
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Figure 5.2 Polymer Samples in Flexion Adapter 
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to control a Zeiss LSM 510 Meta confocal system with a 100x objective, 1.40 NA (Carl Zeiss, 
Germany) (pixel size at 500x = 0.18 µm/pixel). Images were later processes in ImageJ to convert 
.LSM files to .tif files which were later edited in Picasa3 to optimize image contrast for crack 
counting. Cracks were counted manually.  For a given thickness and strain 3 samples were 
grown simultaneously which were subsequently strained and imaged together. 3-5 confocal 
microscopy images of each of these 3 samples were taken and analyzed to give the error bars of 
+/- 1 standard deviation. 
Results and Discussion 
We utilized a Signatone S-3001-6 four-point probe base with a Signatone SP4-40045TFS 
head.  A Keithley 487 Current Source and Keithley 2400 DMM connected to a computer to 
measure the resistivity of the films.  Using the 487 and 2400 made it possible to use a larger 
range of currents.  A LabView VI was used to control the instruments and record the I-V curves.  
The probe separation of one millimeter allowed us to examine a small portion of the film at a 
time.  Multiple readings over a small area were averaged to remove any changes in contact 
resistance between the probes and different film points.  Before the film had been strained this 
measurement was directly converted to the resistivity of the film.  After the films had been 
strained and began to crack, the I-V characteristics of the film were recorded by the computer 
as a change.  This is due to the changes in path the current must take.  There are three possible 
physical changes that affect an I-V curve.  The first possibility is the formation of a crack that 
penetrates the full depth of the ALD film with the crack walls separated by enough distance to 
prevent conduction. This will result in the current taking a longer path to flow around the crack.  
The second possible occurrence is related the first because our samples are flexed and then 
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returned to a flat position for testing.  I t is possible that a crack that penetrates the film 
thickness under flexion returns to a “closed” position when the substrate is flattened.  This will 
result in a contact resistance between the sides of the crack, which, if large enough, should be 
detectable by a four-point probe.   The third is a crack that penetrates to a partial depth of the 
film,101 decreasing the amount of material available for conduction.  The values measured after 
these changes are not the true resistivity but what we will call the “apparent resistivity”.  The 
change in name is important because resistivity is an inherent property of the unbroken film 
and cannot be changed by cracking.  However, if one were to take a film with an unknown 
flexion history and apply the same four-point probe measurement process, the result would be 
the “apparent resistivity”.  In Figure 5.3 the apparent resistivity vs. percent strain has been 
plotted for three 44nm ZnO ALD films.  The values are constant for the first portion of the 
curve, 0-0.75% strain. This is the true resistivity of the film.  At slightly less than 1% the films 
begin a very sharp increase in apparent resistivity. The point where this change begins to occur 
is the critical strain (εc).  The number of cracks and their length continues to increase with 
increasing strain until the number of cracks has reached a saturation point.30  This is seen as a 
leveling out of the apparent resistivity curve at higher strains shown in Figure 5.3.  The four-
point probe’s ability to see these small changes provides us with a powerful tool to examine 
very thin films, however, measurements of films below 44nm proved difficult.  The four-point 
probe is equally sensitive for much thicker films.  This gives us a fairly large range of film 
thickness to investigate using a single technique.  For our 100nm samples, shown in Figure 5.4, 
we can see that they behave very consistently in the early portion of the strain curve.  They also 
show a very consistent critical strain. However, after the critical strain the behavior becomes  
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Figure 5.4 Avg. Apparent Resistivity vs. % Strain, 100 nm ZnO 
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Figure 5.3 Avg. Apparent Resistivity vs. Percent Strain, 44nm ZnO 
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much more variable.  This could be due to the fracture models that we described earlier.  The 
disparate film behavior may be due to cracks closing once the film is flattened.  It is interesting 
to note that the values at the highest strain a very close for all three films.   Strains were not 
continued past this point since our interest was in the critical strain.  The thicker films, 100 and 
132nm, showed an interesting artifact between approximately 1.0-1.75% strains.  As can be 
seen in Figure 5.3, the apparent resistivity values seem to be fairly level compared to the 
increase seen after the critical strain.  The values then increase rapidly after 2% strain. This can 
be seen more clearly in the 132nm films (Figure 5.5).  The apparent resistivity stays level 
between 1.25% and 1.75% strains.  It increases drastically when the films are strains to 2%.  This 
implies that a second critical strain may exist for the thicker films.  This would be consistent 
with the partial fracture model described earlier.   Since this behavior is not present in the 
thinner films, it suggests that the fracture type may depend on film thickness.    
In an effort to determine whether or not thin films adhere to the critical strain model: 
     
   ⁄  we measured the critical strain over a range of thicknesses using 4-point probe.30  
The results are shown in Figure 5.6.  It can be seen that there isn’t much difference in the 
measured critical strains over the thickness range we examined.  Each point shown is the result 
of six to nine films coated at different times.  There was very little deviation in the critical 
strains measured for a given thickness.  The lowest thickness was restricted by the inability of 
our 4-point probe to consistently measure resistivity of films thinner than ~44nm.  Films thicker 
than 130nm were not measured since such films are over an order of magnitude thicker than a 
very good ALD Al2O3 barrier.  As these results show no change in critical strain with change in  
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Figure 5.5 Apparent Resistivity vs. % Strain for 132nm ZnO ALD 
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thickness, we decided to measure the critical strain of thinner films (<42nm) using CM. This is 
will be discussed later. 
Crack Mapping 
It was of interest to see if cracks in an ALD film could be spatially mapped and related to the 
strains that had been applied. Samples were firsts strained to the lowest strain (largest radius of 
curvature, largest plate separation). The resistivity of the samples was then measured and the samples 
were then strained to the next highest strain and measured again.  This was repeated stepwise until the 
samples had been strained to the highest the highest strain.  As we bend our films between to plates, 
the bent films follow an almost uniform curvature. When we bend a sample, the maximum width of the 
cracked region is only equivalent to ½ the circumference of a circle with diameter of plate separation.  
Since this diameter decreases as we take a given sample through from low strain to high strain, a strain 
history is imparted into the film. This is seen with the four point probe as the highest resistivity (due to 
highest crack density) in the center of the sample where that section saw the highest strain we went to. 
The resistivity decreases as you move further away from that point through regions of the film that saw 
less than the maximum strain.  We created 132nm samples on Kapton® in an effort to map the strain 
history.  The ideal strain history is shown in the top image of Figure 5.7.  Using the grid shown, where 
the black squares are test points, we measured the apparent resistivity at each point.  The values 
obtained were then mapped out and compared to the curve shown in Figure 5.5.  Using the curve we 
were able to convert resistivity into a percent stain.  The result is shown in the bottom of Figure 5.7.  We 
obtained good agreement with our ideal model.   The resistivity data was also plotted versus position.  A 
3D surface was interpolated between the points using Igor Pro software.  An isometric view of the 
surface that was created is shown in Figure 5.8.  We can see that while the peak of the resistivity is off 
center, the surface has the shape one would expect.   These results were very encouraging and we  
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Figure 5.8 Resistivity vs. Position Plotted in 3-D for 132nm ZnO 
Figure 5.7 Four-Point Probe Crack Mapping 
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decided to switch methods in order to measure thinner films.  Since we were unable to reliably measure 
the resistivity of films thinner than 44nm we employed Confocal Laser Scanning Microscopy (CLSM).    
Confocal Microscopy 
 Measuring the cracking of films with CLSM required new samples to be grown and 
analyzed.   Images were taken of a 90 by 90 micrometer section of the stressed sample surface 
and the number of visible cracks was counted.  The number of cracks was then plotted as a 
linear crack density (cracks /cm versus applied strain).   This method worked very well for the 
thicker films, and higher strains (Figure 5.9).  However, as the crack density decreases it 
becomes more difficult to locate and count the cracks.  At the high magnifications used it can 
be very difficult to locate cracks if there are very few cracks in the field of view. At lower 
magnification, the cracks are so narrow that they cannot be seen and thus cannot be counted.  
Further difficulties are introduced by scratches on the polymer.  It can sometimes be difficult to 
differentiate from cracks in the ZnO if they appear in the same orientation as the cracks.   We 
found that we could destinguish cracks from scratches as cracks came into focus first upon 
approaching the surface, whilst scraches only showed up when focusing on the ZnO-substrate 
interface beneath the surface. We did this by moving the focal plane from above the sample, 
through the ZnO and partly through the polymer untill even the scratches were out of focus and 
we were focusing on the interior of the polymer.  Almost all the films tested by confocal 
microscopy had a determined critical strain of around 1.1%.. As cracks were harder to detect 
for thinner films and for strains around that of, or lower than. the suspected critical strain (from 
4-point probe measurements), we propose that the actual critical strains of the films are slightly 
lower than 1.1%. At strains of around 0.8-1.1% it is likely that cracks were there but could not  
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Figure 5.9 CLSM image of ZnO surface 
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Figure 5.10 Crack Density vs. % Strain for 22nm and 44nm ZnO 
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be found and imaged using confocal micsocopy. Figure 5.10, shows crack density versus applied 
strain for a 22nm thick ZnO film on 200micrometre PEN.  From the trend in data one may inferr 
that data points at 0.95% and 1.1%  are not reliable and that there were cracks but they could 
not be seen and were thus not recorded, i.e. actual crack density for these points may not equal 
0. 
Both the confocal and 4-point probe methods were used for several samples of the 
same thicknesses. The critical strains obtained for these samples somewhat agree with each 
other, showing that these methods give comparable results (Figure 5.11). The confocal  
microscopy method gave critical strains of 1.1% where as the four-point probe method gave 
critical strains of 0.75-0.95%. The best agreement between the two methods is for the largest 
thicknesswhere both methods show a critical strain of 0.95% for films around 100nm.  In 
general, the critical tensile strains determined from the two methods seem to agree. The trend 
of slightly increasing critical strain as film thickness decreases (Figure 5.11) is to be expected, but 
the scatter in our results suggests that our observation of this trend may be insignificant. There 
is yet to be a reliable, accurate method for determining critical strain in such thin ZnO films 
(<42nm).  Further corroboration that the CLSM method has some credibility is seen when the 
crack density is plotted versus thickness (Figure 5.12).   
The curves shown are the crack densities calculated from the confocal method for each 
thickness bent to 2.4% and 1.3% strain.  The decreasing crack density with increasing ZnO 
thickness fits thin film cracking models in the literature.30, 102 This suggests that although the  
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determinations of the critical strains using the confocal method are deemed to be not accurate, 
the raw data from images where we can clearly see the cracks is reliable. 
Conclusions 
Measuring the critical strain of ultrathin ALD ZnO films is difficult with currently 
available methods. We have successfully measured the critical strain of a range of thicknesses 
of ALD ZnO films using both 4-point probe and CLSM methods.  However, both methods are 
limited by film thickness and thinner films (<40nm) cannot be reliable measure with these 
techniques.  The critical strain of 22nm-132nm ALD ZnO on 200micrometer PEN was 
determined to be between 1.1% and 0.65%. This strain is too low for flexible barrier 
applications which require 3-5% critical strain. We have shown that thin (<100nm) ALD ZnO 
films are not flexible enough for flexible conducting oxide/barrier applications.  We have also 
shown that ALD ZnO films seem to follow current fracture models which predict that crack 
density decreases as film thickness increases. 
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Chapter 6  Conclusions 
 
Ca films were employed to evaluate gas diffusion barriers grown using Al2O3 atomic 
layer deposition (ALD).  The Al2O3 ALD barriers were grown directly on Ca films.  The oxidation 
of the Ca films was then monitored by measuring the electrical conductance of the Ca film or by 
recording the photographic image of the Ca film.  The photographic images revealed that the 
Al2O3 ALD films have a small number of pinhole defects.  These pinhole defects produce Ca film 
oxidation areas that grow radially around the pinhole defect versus time.  These pinhole defects 
are probably caused by particles on the initial Ca film.  The photographic images also observed 
a burst of new pinhole defects that appeared suddenly at later times.  These pinhole defects 
also led to Ca film oxidation areas that grew radially versus time.  This rapid “blooming” 
suggests that these defects have an origin that is dependent on the Al2O3 ALD film.  These 
defects may be caused by water corrosion of the Al2O3 ALD films.   
The electrical conductance of the Ca film initially showed little change versus time.  The 
correlation between the photographic images and the electrical conductance then showed that 
the conductance dropped when the pinhole defects started to become apparent in the 
photographic images.  The conductance measurements yielded a WVTR value of ~1x 10-3 
g/(m2*day) prior to the appearance of the pinhole defects.  There was approximate agreement 
between the WVTR values obtained from the electrical conductance and the photographic 
images until the rapid “blooming” of new pinhole defects.  WVTR values were also estimated 
from the time required for the electrical conductance to reach zero.  These estimated WVTR 
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values were much higher and indicated that there is much uncertainty in the various 
approaches employed to derive WVTRs using the Ca test. 
After removing the residual H2O from seals and walls, our Ca test apparatus has reached 
WVTR values of 3-5x10-4 g/(m2*day) at elevated temperature with a metal lid using a modified 
version of Paetzold’s equation.  This WVTR range is slightly lower than the baseline of the best 
commercial instruments.  Given the non-linear response of the conductance of a Ca film during 
oxidation the accuracy of this value cannot be determined satisfactorily.  The sensor lifetime 
can be used to effectively study substrate materials.  The instrument also has the potential for 
capabilities that the commercial instruments do not have, such as the measurement of OTRs 
and WVTRs independently. The Ca film can be replaced without destroying the barrier sample.  
Retesting the same barrier with different Ca films can narrow the experimental uncertainty in 
the WVTR measurement. The WVTR values from the uncoated polymers appeared to show a 
large “lag” time.   The effect of percent RH on this “lag” time is significant.    
The polymer substrate can affect many characteristics of the WVTR measurement.  In 
this study, heat stabilized poly(ethylene naphthalate) (PEN) was used as a model polymer 
substrate.  The Ca Test using a 4-wire resistance measurement was successfully used to monitor 
the effect of water flux through the polymer as a function of temperature and relative 
humidity.  Due to the inhomogeneity of Ca degradation, sensor lifetime and not WVTR was 
used to evaluate bare PEN sheets.  Ca sensor lifetimes are inversely proportional to the water 
vapor flux incident on the PEN polymer surface.  Ca sensor lifetimes showed little temperature 
dependence. The characteristic form of the Ca test conductance vs. time curve remained the 
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same for each phase of testing. For coated PEN, bare PEN or atmospheric exposure the Ca 
conductance showed the same non-linear response. 
Measuring the critical strain of ultrathin ALD films is difficult with currently available 
methods. We have measured the critical strain of a range of thicknesses of ALD ZnO films using 
both 4-point probe and CLSM methods.  However, both methods are limited by film thickness 
and thinner films (<40nm) cannot be reliably measured with these techniques.  The critical 
strain of 22nm-132nm ALD ZnO on 200 µm PEN was determined to be between 0.65% and 
1.1%. This strain is too low for flexible barrier applications which require 3-5% critical strain. We 
have shown that thin (<100nm) ALD ZnO films are not flexible enough for flexible conducting 
oxide/barrier applications. We have also shown that ALD ZnO films seem to follow current 
fracture models which predict that crack density decreases as film thickness increases. 
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